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RESUMEN

Atlantic Copper es una empresa espafiola cuyo complejo metalargico se encuentra en Huelva. Es uno
de los mayores fabricantes de catodos de cobre de Europa y representa el 8.5 % del PIB de la
provincia. Utilizando las tecnologias mas avanzadas, producen catodos de alta pureza (> 99.99 %).
Esta empresa se enmarca en la estrategia de economia circular llevando a cabo la gestion de
subproductos, materiales intermedios y residuos de forma que se reduzca el impacto ambiental de su

actividad lo maximo posible, y a su vez se reduzcan los costes asociados.

El objetivo principal de esta tesis doctoral ha sido evaluar y desarrollar posibles lineas de valorizacion
de diferentes residuos y/o materiales generados en la fabricacion de catodos cobre de alta pureza.
Los materiales estudiados fueron: torta del lavado de gases (TLG), finos de convertidores (FC), torta

del electrolito (TE), y lodos de la planta de tratamiento de efluentes liquidos (LPTEL).

Para ello, en primer lugar, se realiz6 una caracterizacion exhaustiva de los materiales con el fin de
determinar la composicion quimica, las fases minerales, el tamafio de las particulas, microestructura
y la movilidad de los contaminantes. Teniendo en cuenta los resultados obtenidos en la
caracterizacion y la literatura consultada se identificaron y evaluaron las posibles aplicaciones.
Posteriormente, se seleccionaron distintas lineas de valorizacion en funcion de las caracteristicas y

propiedades de cada material estudiado.

Los estudios realizados a TLG y FC mostraron que ambos residuos estaban compuestos
principalmente por Pb (> 20 % p/p) principalmente en forma de anglesita, y la TLG ademaés contenia
una alta concentracion de Se (> 30 % p/p) en forma metalica. Por lo tanto, estos residuos podrian ser
una importante fuente secundaria de Se y Pb. Por ello, se propuso la recuperacion de Se por un
proceso de tostado y la recuperacion de Pb por un proceso hidrometalirgico. La recuperacion de Se-
Pb podria suponer beneficios ambientales notables en contraste con su disposicion en vertedero, asi

como también una reduccidn en sus costes de gestion.

Por otra parte, la TE presentaba una alta concentracion de Cu (= 50 % p/p) como domeiquita (CuzAs),
cuprita (Cux0), Cu metalico y sulfato de cobre hidratado (CuSO4 -xH,O), y ademas una alta
concentracion de As (= 10 % p/p), principalmente como CusAs. Por lo tanto, dicho material podria
ser una importante fuente secundaria de Cu. Sin embargo, el contenido de As deberia ser eliminado
para evitar problemas durante su reprocesamiento o valorizacion. Para la recuperacion de Cu se optod
por la disolucion de la TE, la cual se logré usando un medio acido, H>SOs4 (1.4 M)/HNOs (1.8 M), y
una relacion solido-liquido 1:20 g/mL. Posteriormente, se llevaron a cabo dos lineas de investigacion:

a) Eliminar el As de la disolucion de TE mediante una precipitacion con hierro y luego recuperar el
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Cu de disolucion libre de As; y b) Recuperar el cobre de la disoluciéon de TE mediante una

cristalizacion evaporativa y luego precipitar el arsénico.

En la primera linea de investigacion, el As se elimind de la disolucion de TE mediante su
precipitacion como arseniato de hierro (III), obteniéndose una alta eficiencia (> 70 %). Sin embargo,
alrededor del 50 % del Cu también co-precipitd junto al As, sugiriendo que el cobre deberia
recuperarse previamente. En la segunda linea de investigacion, mas del 90 % del Cu contenido en
TE se recuperd como sulfato de cobre pentahidratado, con una alta pureza (> 99.5 % p/p), mediante
un proceso de cristalizacion evaporativa. Ademas, alrededor del 70 % del As se elimind durante
dicho proceso, en forma de As,Os (> 99 % p/p). Por tanto, se considero que este proceso es una forma

eficaz tanto de recuperar Cu como de eliminar el As contenido en la TE.

Por otro lado, el LPTEL presentaba una alta concentracion de CaO (= 70 % p/p) y en menor
proporcion contenia SiO2, Fe203, MgO, SOs (15-1 % p/p) y ALOs (= 0.4 % p/p). Ademas, presentaba
As (= 3.4 % p/p) y otros elementos como Ba, Cu, Pb, Sb, Sr y Zn en concentraciones traza (<1 %
p/p). Este material contenia varias fases minerales: calcita (CaCOs), yeso (CaSO42H,0), y
portlandita (Ca(OH),) y oxihidroxido de hierro (III) (Fe»Os1(OH)). Para LPTEL, la linea de
valorizacion y/o inmovilizacion propuesta fue usarlo como materia prima en la fabricacion de

geopolimeros.

Los geopolimeros obtenidos tuvieron una excelente resistencia a la compresion (50-20 Mpa), estos
valores se consideraron admisibles para aplicaciones de construccion. Solo la pasta mas compacta
(CSWs10) lixivio 2 mg/kg de As, valor que se encuentra en el limite establecido para la admision de

materiales en vertederos de residuos no peligrosos.
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ABSTRACT

Atlantic Copper is a Spanish company whose metallurgical complex is in Huelva. It is one of the
biggest manufacturers of copper cathodes in Europe and accounts for 8.5 % of the province’s GDP.
Using the most advanced technologies, they produce high-purity copper cathode (> 99.99 %). This
company is framed within a circular economy strategy carrying out the management of by-products,
intermediate materials, and waste to reduce the environmental impact of its operations as much as

possible and, turn in, reduce the associated costs.

The central goal of this doctoral thesis has been to evaluate and develop possible valorisation lines
for different wastes and secondary materials generated in the manufacture of high-purity cathodes.
The studied materials were sludge scrubber (SS), sludge from converters (SC), electrolyte sludge

(ES), and copper wastewater sludge (CWS).

For that purpose, first, an exhaustive characterisation was carried out to determine chemical
composition, mineral phases, particle sizes, microstructure, and pollutants' mobility. Considering the
characterisation results and the literature consulted, potential applications were identified and
evaluated. After, different valorisation lines were selected for each studied material based on its

characteristics and properties.

The studies carried out to SS and SC showed that both sludges were mainly composed of Pb (> 20
% w/w) mainly as anglesite, and the SS also contained a high concentration of Se (> 30 % w/w) as
metallic selenium. Therefore, these wastes could be an important secondary source of Se and Pb.
Thus, Se recovery by roasting process and Pb recovery by hydrometallurgy process were proposed.
Se-Pb recovery could have remarkable environmental benefits in contrast to its disposal in landfill,

as well as a reduction in its management cost.

On the other hand, ES presented a high Cu concentration (= 50 % w/w) as domeykite (CusAs), cuprite
(Cu20), Cu metal and copper sulphate hydrate (CuSO4xH,0) and also a high As concentration (=
10 % w/w), mainly as CusAs. Therefore, this material could be an important secondary source of Cu.
However, As content should be removed for avoiding problems in reprocessing or valorisation. For
the Cu recovery, ES dissolution was chosen, which was achieved using an acid medium, H,SO4 (1.4
M)/HNO:s (1.8 M), and a solid-to-liquid ratio of 1:20 g/mL. Subsequently, two lines of research were
carried out: a) Arsenic removal from the ES solution by precipitation with iron, and then copper
recovery from the arsenic-free solution; b) Copper recovery from the ES solution by an evaporative

crystallisation, and then arsenic precipitation.
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In the first line of research, As was removed from ES solution by precipitation as iron (III) arsenate,
with high efficiency (> 70 %). However, about 50 % of Cu was also co-precipitated with the As,
suggesting copper should previously recover. In the second line of research, more than 90 % of the
Cu contained in the sludge was recovered as very pure copper sulphate (> 99.5 % w/w) by an
evaporative crystallization process. Moreover, around 70 % of the As was removed during this
process as As>Oz; (> 99 % w/w). Therefore, this process was considered an effective way to recover

Cu and remove the As contained in ES.

On the other hand, CWS presented a high concentration of CaO (= 70 % w/w) and, in a minor
proportion, contained SiO», Fe.03;, MgO, SO; (15-1 % w/w) and ALLO; (= 0.4 % w/w). In addition,
CWS presented As (= 3.4 % w/w) and other elements such as Ba, Cu, Pb, Sb, Sr, and Zn in traces
concentration (< 1 % w/w). This material contained several mineral phases: calcite (CaCOs3), gypsum
(CaS042H,0), portlandite (Ca(OH),), and iron oxide hydroxide (Fe»iO31(OH)). For CWS, the
proposed valorisation and/or immobilisation line was to use it as raw material in geopolymer

materials.

The geopolymers obtained had an excellent compressive strength (50-20 Mpa), these values were
considered admissible for construction applications. Only the highest compact paste (CWSs10)
leached 2 mg/kg of As, this value coincides with the threshold limit established for the admission of

non-hazardous waste landfills.
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CHAPTER 1. INTRODUCTION

1.1 BACKGROUND
1.1.1 State of art

The copper was one the first metal used by the human and was known at least 10000 years ago. Its
early uses were in jewellery, ornaments, utensils, tools, coins, and weapons. Its use increased
gradually until the discoveries and inventions relating to electricity and magnetism of the late 18
and early 19" centuries and the products manufactured from copper, helped launch the Industrial
Revolution. The mass adoption of electricity increased dramatically its demand in the 20" century.
The dramatic copper demand growth continues in the 21% century due mainly to the rapid
industrialization of China, consuming more than 50 % of copper demand (Schlesinger et al., 2011;
Statista, 2019). Furthermore, copper is estimated to be even more crucial for society in the future,
due to the expected increase in copper-intensive low-carbon energy and the electrification of

transportation technologies (Auping et al., 2012; Schipper et al., 2018a; Wang et al., 2021).

Copper is unique electricity conducting properties, which makes it difficult to replace. It is excellent
thermal conductivity as well as being corrosion resistant and antimicrobial. In addition, it is ductile
and malleable therefore it is easily fabricated into wire, pipe, and other forms, and easily joined.
These properties give it a wide range of applications in several sectors such as the manufacture of
electrical and electronic products, building construction, the manufacture of industrial machinery and

equipment, transport, and consumer products (Schlesinger et al., 2011; Seetharaman et al., 2014).

According to the International Copper Study Group (ICSG), world refined copper production reached
24 Mt in 2019 (ICSG: International Copper Study Group, 2020), which accompanies a significant
amount of solid wastes in the form of waste rock, dusts, sludges and slags, wastewater, and gaseous
emission. Therefore, copper industry represents a risk to environmental and human health (Csavina
et al., 2011; Izydorczyk et al., 2021; Rzymski et al., 2017). However, the copper industry has been

improving its waste management for recent years, following the regulations in force at each moment.

In recent decades, the copper manufacturing industries have been focusing on the implementation of
systems to improve the recycling and valorisation rate of their by-product and wastes as an economic
and environmental advantageous alternative to the increase in disposal costs. The implementation of
the new waste EU Directive (Directive 2008/98/EC, 2008) is more in line with the growing
sensitivity towards the preservation of the environment, and the big problem of waste disposal. This
Directive on waste gives measures to protect the environment and human health by preventing or
reducing the adverse impacts of the generation and management of waste and by reducing overall

impacts of resource use and improving the efficiency of such use.
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The current EU strategy, named Circular Economy, has an ambitious goal of “zero waste”. Waste
management plays a central role, determining how the European Union waste hierarchy is put into
practice. This hierarchy establishes a priority order from prevention (reduce), reuse, recycling,
recovery (valorisation) and disposal (Deselnicu et al., 2018; EEA: European Environment Agency,
2016; European Commission, 2015). For this, manufacturing industries have introduced effective
resource management consisting of recycling, reusing, and valorisation of these ones, reducing the

production cost and decreasing risks for the environment and human health (Khan et al., 2021, 2020).

The copper industry is at the forefront of the industries committed to reducing the environmental
impact of its operations. The modern European copper industries invest millions of euros each year
on improving their processes as well as research and innovation, to reduce the environmental
footprint. For this, it is carried out environmental infrastructure projects, sensors, instrumentation
and measurement projects, copper metals recycling, cleaning, treatment, and waste management
projects. For instance, the modern European copper industries employ the third of energy

consumption in environmental protection measures.

Copper is one of the few materials that can be repeatedly recycled without losing its chemical or
physical properties. Recycling requires up to 85 % less energy than primary extraction, emitting
around 40 Mt fewer CO, per year. According to ICSG, about 50 % of the copper demand in Europe
comes from recycling (secondary production). However, recycled copper alone cannot meet the
needs of society, thus we also depend on copper primary production (European Copper Institute,
2018; ICSG: International Copper Study Group, 2020). Furthermore, copper mining and metallurgy
offers many useful by-products and wastes that contain valuable components such as gold, silver,
zinc, lead, cobalt, molybdenum, rhenium, tellurium, and other rare earth that are profitable to recover.
In other cases, treatment of these is needed to prevent the release of toxic or hazardous chemicals.
Consequently, an evaluation of the physicochemical properties of the by-products and wastes is
needed to select the most appropriate management (reuse, recycling, or recovery) before their

disposal. This evaluation and diagnosis are pivotal to building a circular economy.
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1.1.2 Industrial process production of Cu at Huelva

Copper presents naturally in the Earth’s crust in a wide variety of minerals. The most commonly
occurs as copper-iron-sulphide and copper sulphide minerals, such as chalcopyrite (CuFeS;) and
chalcocite (Cu,S). Also, copper can be found as copper oxidized minerals (carbonates, oxides,
hydroxide-silicates, and sulphates) or as “native” copper. The content of these minerals in an ore
body is low. Copper ores normally contain from 0.5 % Cu (open pit mines) to 2 % Cu (underground
mines). These copper minerals are almost always accompanied by iron sulphide as pyrite (FeS,) and
pyrrhotite (FeS). Furthermore, copper ores contain other sulphide such as molybdenite (MoS,),
sphalerite (ZnS), and galena (PbS) (ICSG: International Copper Study Group, 2020; Schlesinger et
al., 2011; Seetharaman et al., 2014).

About 80 % of high-purity copper cathodes are produced from these ores by concentration, smelting
and refining (pyrometallurgical process), while another 20 % is obtained by hydrometallurgical
processes. Copper ores are initially crushed and ground into small particles (around 50 pm), and then
undergo concentration by froth flotation. During the flotation process, reagents are added that make
the Cu minerals water repellent while leaving waste minerals wetted. This water repellency causes
Cu minerals to float on rising bubbles while other minerals remain un-floating. The floated Cu-
mineral particles overflow the flotation cell to become the copper concentrate containing about 30 %
Cu. The main components of copper concentrated, apart from copper, are iron and sulphur (Cu-Fe-
S) (Schlesinger et al., 2011; Seetharaman et al., 2014). The mineral composition of the concentrates
used in Huelva is very varied because they come from mines on several continents. According to a
recent study with various copper concentrates(Bacedoni et al., 2020)a, the most copper concentrates
presented chalcopyrite (CuFeS,) and pyrite (FeS:) as the main mineral phases. However, some
copper concentrates also contained chalcocite (Cu»S), covelline (CuS), bornite (CusFeS4) as main
mineral phases. In addition, galena (PbS), sphalerite (ZnS), tennantite (CuiiFeAssSi3), stannite
(CuzFeSnS,), tetrahedrite (CusFesSbaSi3) or pyrrhotite (FeS) was identified as the minority mineral

phases.

Atlantic Copper is a Spanish company whose metallurgical complex is in Huelva (south-western
Spain). It is one of the biggest manufacturers of copper cathodes in Europe, which produces about
2.9-10° t/y of ultrapure copper (> 99.99 % Cu). They manage several by-products, intermediate

materials, and wastes. The industrial process is shown in Figure 1.1 and is described below.

The industrial process begins with the reception of the copper ore concentrates. Copper concentrates
arrive by ship at the outer harbour of Huelva, are unloaded, and are carried to the plant in lorries,

where they are stored. The copper concentrate is mixed with a silica flux (SiO;) and recycled
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materials coming from the industrial process, and then are introduced into Flash Smelting Furnace
(FSF) at 1250 °C (Figure 1.1). The objective of the smelting is oxide S and Fe from copper
concentrate to produce a Cu-enriched molten sulphide phases “matte”, following the Eq. 1.1. The
oxidant is generally O,-enriched air. Simultaneously, the oxidised iron reacts with the silica to form
molten slag or fayalite slag (Fe»Si04), according to Eq. 1.2. The incorporation of silica flux promotes
the immiscibility of the matte and slag and decreases the amount of Cu in the slag. The amount of
Si0O, depends on the slag having a low solubility for Cu and a sufficient fluidity to facilitate bleeding
and separation between matte and slag. SiO»/Fe mass ratio between 0.7—1.0 is normally used(Atlantic
Copper, 2017; Schlesinger et al., 2011). Also, flash smelting produces gases by the oxidation of the
sulphur present in the concentrate, SO, content ranges between 30-34 % (Pérez et al., 2018b). These
gases are at high temperatures (around 1350 °C) are sent to the Power Plant (Figure 1.1) where the
gases are used to produce a high-pressure stream and generate electrical energy. After, the cold gases

are sent into the Acid Plant to produce commercial sulphuric acid (about 10°t/y of 98.5 %-pure).

2CuFeS, (o + 3250, — CuSy

+0.5FeSy+ 1.5FeO )+ 2.580, Eq. 1.1

2FCO(S)+ SiOZ(S)_) FGQSiO4(1) Eq. 1.2

The “matte” contains around 60 % copper, the rest is sulphur, iron, and other metals. The matte
(mainly CuS and FeS) and slag are immiscible phases, enabling their separation by decantation. The
matte is transferred to the Peirce-Smith converters (PS), where Fe and S are removed to produce
blister copper (99 % Cu) by blowing the bath with O-enriched air through tuyeres. The converting
is carried out in two steps. In the first step (slag blow), the FeS is oxidized to SO, and FeO, according
to Eq. 1.3. The FeO combines with silica to form slag molten (Eq. 1.2). This step is ended when there
is about 1 % Fe in the matte. In the second step (copper blow), the remaining Cu,S, named white
metal, is refined into blister copper, following the Eq. 1.4. The copper blow is finished when oxide
copper begins to appear in the copper molten. Both converting reactions are formed SO»-enriched
off-gases (5—10 %), which is combined with FSF gas and sent to the acid plant (Pérez et al., 2018b;
Schlesinger et al., 2011; Seetharaman et al., 2014).

ZFCS(1)+302(g)+ Sioz(s)_’ Fezsi04(l)+ 2802(g) Eq. 1.3

CuzS(py+ Oz 2Cuqy+ SOy, Eq. 1.4

The slag generated in the smelting and conversion process is treated in the Electric Furnace (EF) to

recover the remaining copper in the slags (1 and 5 %, respectively), leaving the final copper content
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at below 1 % (S.M. Pérez-Moreno et al., 2018; Pérez et al., 2018a). The final slag is cooled and

granulated with water to obtain an industrial product called iron silicate (about 6.5-10° t/y).

The copper blister contains residual S and O (about 0.02 % and 0.5% O), which are eliminated by
oxidation in the Fire-Refining Furnace (FRF). The final product of FRF is a copper molten (0.003 %
S and 0.16 % O), which is cast into pieces about a meter square and 320 kg of weight, called “anodes”
on casting wheels, producing about 3.3-10° t/y of copper anodes with 99.7 % Cu (Atlantic Copper,
2017).

Copper anodes are converted to commercial copper cathodes (> 99.99 % Cu) by electrolysis in the
electrorefining plant, Figure 1.1. In the electrolysis process, copper is electrochemically dissolved
from the anodes into the "electrolyte", following Eq. 1.5, and then electrodeposited on the stainless-
steel cathodes (1 m?), where the electrons and Cu** ions recombine to form copper metal (without
the anode impurities), according to Eq. 1.6. The copper metal formed is named copper cathode. The
electrolysis process carries out at about an overvoltage of 0.3 V and an electrolyte temperature of
about 65 °C, which improve the conductivity and mass transfer. The electrolyte is a solution of copper
sulphate and sulphuric acid with around 45 g/L of Cuand 1.8 M g/L of H>SOa. Also, some additives,
such as chloride (20—50 ppm), organic levelling, and grain-refining agents (1-10 ppm), are added in
very low concentrations to improve the morphology and purity of the copper cathode (Atlantic

Copper, 2017; Schlesinger et al., 2011).

Cul,,ge— Cu?t+2e- E°=-0.34V Eq. 1.5

Cu?t+2e™ > Culiinode E°=+034V Eq. 1.6

In the electrochemical process, the impurities from anodes such as Ag, Au, Se and Te, being more
noble than copper (higher redox potential than copper), remain undissolved in the electrolyte and are
deposited on the bottom of the cells, forming the “anode slime”. The anode slime is a marketable
product (10° t/y), and the impurities less noble than copper, such as, Bi, Fe, Ni and Sb, remain
dissolved in the electrolyte. The concentration of these impurities gradually increases in the
electrolyte negatively affecting the copper cathodic quality. To control the impurities levels is carried
an electrolyte purge and new clean electrolyte is added. The purge is sent to the Electrolyte Treatment
Plant (ETP), where copper is recovered by electrowinning. The final solution contains 1-2 g/L. Cu
and a part is returned to the refining process, and another part is sent to the Nickel Plant (Figure
1.1)where this element is recovered as marketable nickel carbonate (1.4:10° t/y). The resulting
effluent is sent to the Gypsum Plant (GP) where it is mixed with a weak acid from the acid plant for

manufacturing marketable artificial gypsum.
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Figure 1.1. Overview of main materials flows and processes from the copper metallurgical complex.

1.1.2.1  Off-gases treatment from smelting and converting processes

Off-gases from FSF mainly contain SO, (30-35 %) and other impurities such as As, Bi, Cd, Cu, Pb,
Sb, Se, Te and Zn, which can be as dust and/or gas (vapor). Off-gases are cooled from 1350 °C to
400 °C in a heat recovery boiler where high-pressure steam is produced to generate electricity (around
20-25 % of the total power consumed by the complex), reducing electricity consumption from oft-
site power plants. Afterwards, the outgoing gases are dedusted in the hot electrostatic filters. The
dusts are collected and are recycled to Flash Smelting Furnace FSF (Figure 1.1). On the other hand,
the dedusted gases from the smelting and converting process are mixed and pumped to the scrubbing
section, where the finest particles are removed, and the gas temperature is reduced. The gases around
350 °C are passed through Radical Flow Scrubber (RFS) where adiabatic cooling and particles
removal are done by using water/weak acid in a closed circuit. After, the gases are cooled in the
cooling tower, are passed through wet electrofilters, and transferred to the acid plant. Finally, the
precipitated solids, named sludge scrubber (SS), are collected in a decanter (Figure 1.2). About 40
t/y of this hazardous residue (EWC 100607) are produced, stored, and transported to a controlled
landfill 70 km from Huelva city (Atlantic Copper, 2017). A fraction of weak acid produced, is bled
off to the gypsum plant to produce the artificial gypsum (about 3.5-10* t/y), see Figure 1.1.
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Figure 1.2. Flowchart of the scrubbing section.

Off-gases from the Peirce-Smith converters (PS)contain between a 5-10 % SO» and other impurities
such as As, Bi, Cu, Pb, Sb, Se and Zn, which are dusted off in the hot electrostatic filters, mixed with
off-gases from FSF, and are sent to the scrubbing section (Figure 1.2). The converter dust
(oxysulphates) is collected in these filters and stored. About 70 % of these dusts are returned to FSF,
while rest 30 % (around 1100 t/y) are sent to the repulp tank where are combined with water to form
a slurry (Figure 1.3). This slurry is pumped to hydro-cyclone, where the coarse particles are separated
from fines particles (< 15 um). Previous studies found that valuable metals (Cu and Au) are contained
in the coarse particles. These are collected to the cyclone underflow, pumped to the pressure filters,
and then recycled to the FSF. Whereas the impurities such as arsenic, bismuth, antimony, lead, and
zinc presented in the fine particles are reported the cyclone overflow, gone to thickener, and then
pumped to pressure filters (Figure 1.3). The sludge is composed of fine dust of converters, named
sludge from converters (SC). About 430 t/y of SC are produced and managed as hazardous residue

(EWC 100606), disposing of by controlled landfills (Atlantic Copper, 2017).
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Figure 1.3. Flowchart of the converter dust treatment plant

Figure 1.4 shows the FSF and PS off-gases treatment overview and where the studied sludges are

generated. Today both sludges (SS and SC) are disposed of in a controlled landfill for hazardous

wastes, where they are treated for their stabilization, in order to reduce the mobility of pollutants

contained in them and do not exceed the thresholds established in the Royal Decree (RD)1481/2001
regulation based on the Directive 1999/31/EC on landfills (Directive 1999/31/EC, 1999; RD

1481/2001, 2013). The management of both wastes implies high transport and storage costs, and a

potential environmental impact. For these reasons, this practice must be substituted by the

valorisation of these wastes.
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Figure 1.4. Flowchart of the off-gases treatment from smelting and converting processes

1.1.2.2  Electrolyte Treatment Plant (ETP)

During the copper electro-refining process, elements with a lower redox potential than copper (less
noble) such as As, Bi, Ni, Sb, etc., remain in solution, while Cu self-deposits on the cathode. The
concentration of these impurities gradually increases in the electrolyte, producing undesirable
phenomena that negatively affect the quality of the copper cathode. Therefore, to control the
concentration of impurities a volume of electrolyte must be bled to ETP (Artzer et al., 2018;

Wesstrom and Araujo, 2012).

Electrolyte treatment involves three stages of “decopperrizing” which is done in a set of
electrowinning cells named “liberator cells”, where the copper concentration in the electrolyte is
decreased. In the first stage, the copper from the electrolyte is electrodeposited onto the stainless-
steel cathodes by applying a current of 2 V using lead (Sn + Ca) anodes. B-grade copper cathode (>
99.7 % Cu, 10 t/y) is produced, which is employed to make wire rods, tubes, foils, copper-based
alloyed products, and chemicals (Atlantic Copper, 2017), and consequently, the copper content is

reduced from about 45 g/L to 25 g/L.

In the second stage, the anode scrap from the electro-refining process is used as cathodes, where the
copper present in the electrolyte solution is deposited. Cu concentration at the outlet decreases up to

about 10 g/L. Cu-enrich scrap is remelted in the PS converters.

In the third, the arsenic is removed from the solution by electrowinning onto the lead (Sn + Ca)
cathode, forming a black sludge known as liberator cell sludge or electrolyte sludge (ES). The

treated electrolyte contained 1-2 g/L Cu, which prevents the formation of arsine gas. If the copper

11
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concentration in the discharge is less than 500 ppm, arsine is produced due to the overvoltage
necessary to form arsine gas (Artzer et al., 2018; Wesstrom and Araujo, 2012). A fraction of the
treated electrolyte is bled off to the nickel plant and the rest sent back to the electrolyte tank house

for reuse (Figure 1.5).

Today, around 1.3-10° t/y of ES are produced and transferred to a Nutch filter to remove the
electrolyte before returning to FSF. ES is recycled to recover its copper content (around 60 % Cu),
but its recirculation implies serious problems of arsenic accumulation in the industrial process.

Therefore, it is necessary to study others copper recovery alternatives (arsenic-free) from ES.
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Figure 1.5. Flowchart of electrolyte treatment plant (ETP)

1.1.2.3  Liquid Effluent Treatment Plant (LETP)

The liquid effluent treatment plant (LETP) treats several streams produced during the copper
manufacturing process. The main streams are a slag granulation purge, a gas scrubbing purge, final
effluent from gypsum plant, and other effluents from the laboratory, boilers, cleaning, rainwater, etc.
In this plant, physicochemical methods are applied to remove metals. The liquid effluent treatment

is carried in four steps: homogenization, pre-treatment, polishing and ultrafiltration.

Homogenization is done to control the composition and flow that feeds the system. For this, the
effluents are received and homogenized in two tanks, one for acid/neutral effluents (1400 m?) and a
much smaller one for alkaline effluents (500 m?). In the pre-treatment, both effluents are mixed in a
first lamellar decanter where the iron coagulants (FeCls; and/or FeSO47H>0), a flocculant and an

oxidizing agent (H>O,) are also added. Moreover, the pH is adjusted until 10.5-11.5 using a lime

12
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slurry. Two outlet streams are obtained, one solid stream is sent to thickener and the liquid stream is
passed through a sand filter, and then sent to the polishing. In this step, the arsenic is reduced using
the polishing treatment which consist of adding CO, to adjust the pH between 8-9. After, the liquid
stream is transferred to a second lamellar decanter where iron coagulant, a flocculant, and other
reactants are added. Two outlet streams are formed, and solid stream is sent to thickener and liquid
stream is sent to an ultrafiltration (UF) system where fine particles that remain in the liquid effluent
are eliminated by the UF membrane. A fraction of the final effluent is recycled for reuse (cleaning
of sand filters and UF membrane, CO> dilution, process water, etc.) and the rest is discharged to the
Huelva estuary. UF system also produce a solid stream composed of fine particles, which is sent to

the thickener.

During the pre-treatment and the polishing step are produced solid due to metals precipitation. Both
solids are collected in the underflow of the decanters, mixed in the thickener together the fine
particles collected in the UF system, and then sent to pressure filters. The resulting solid is named
copper wastewater sludge (CWS). About 2-10° t/y of CWS (EWC 190813) are produced, stored,
and carried to a controlled landfill 70 km from Huelva city. This management involves high transport
and storage costs, and a potential environmental impact. For these reasons, this practice must

substitute by a valorisation of CWS.

13
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Figure 1.6. Flowchart of liquid effluent treatment plant (LETP)
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1.2 OBJECTIVES

Considering the problems exposed in the previous section, the main objective of this thesis has been
to evaluate and develop possible valorisation lines for different wastes and/or secondary materials

generated in the manufacture of high-purity copper cathodes.

To achieve the main objective, the following specific objectives were established:

1. To carry out a physical, chemical, mineralogical and microstructure characterization of the

waste and/or secondary materials as well as evaluate the mobility of pollutants.

2. To identify and evaluate the potential applications as well as the potential pollutants.

Considering the characterization results and conducted a literature search.

3. To establish a valuation line for waste and/or secondary materials under study, considering

current regulations and available technology.

4. Todevelop at least one of the proposed valorisation procedures of the wastes and/or materials

under study.

5. To determine the physicochemical properties and the environmental impact of new materials.
In addition, perform the required tests for future application, following the regulation in

force.

15



CHAPTER 1. INTRODUCTION

1.3 OUTLINE

This document is organized into four chapters. The first chapter presents the study developed in this
doctoral thesis, providing some useful background for the reader. A description of the state of the art
on the topic of the copper industry has been included, as well as a description of the waste generation
processes and/or secondary materials. In addition, the main objectives, and a short description of the

structure of the thesis are presented.

The second chapter details the materials and methods applied in this research work. First, the wastes
and secondary materials sampling are described as well as the pre-treatments that have been
subjected. Then, the proposed experimental procedures are developed. Finally, the characterization
techniques and technological test used for determination of physicochemical properties of waste,

secondary materials and new materials have been summarised.

The third chapter presents the results and discussions of the data collection, divided into four
subchapters. Each one of these subchapters corresponds to a complete copy of the published scientific
paper, in accordance with the Regulation of PhD studies from the University of Huelva, article 35,

2™ gection, chapter IV. The four subchapters are:

e Subchapter 3.1. Characterization of two sludges from a pyrometallurgical copper smelting
complex for designing a Se and Pb recovery proposal. This section shows an exhaustive
characterization of two sludges generated in the off-gas cleaning system smelting and
converting processes from copper metallurgy. In addition, a diagnosis to select the most
appropriate treatment for their valorisation is presented, and a proposal for the recovery of
Se and Pb is shown. This manuscript was published in Waste and Biomass Valorization (Paz-
Gomez et al., 2020).

o Subchapter 3.2. Arsenic removal procedure for the electrolyte from a hydro-
pyrometallurgical complex. The section reports a procedure for arsenic removal from
electrolyte sludge from the electrolyte treatment plant. Firstly, dissolution tests are shows,
and then arsenic removal tests by precipitation with Fe are presented, as well as a
physicochemical characterization of the formed solids in these studies. This work was
published in Chemosphere (Paz-Gémez et al., 2021a).

e Subchapter 3.3. Copper recovery from sludges generated in the electrolyte treatment plant
of a pyrometallurgical complex. This section focuses on a procedure for the copper recovery
(arsenic-free) from electrolytic sludge from the electrolyte treatment plant for its return to
the industrial process and/or commercialization. In this work, copper recovery experiments

as copper (II) sulphate pentahydrate (CuSO4-5H,0O) using evaporative crystallization are
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presented. In addition, the physicochemical characterization of the solids obtained is shown,
as well as the precipitation efficiency and the possible practical implications of the proposed
procedure. This manuscript was published in Hydrometallurgy (Paz-Gomez et al., 2021Db).
e Subchapter 3.4. Immobilization of hazardous wastes in geopolymer materials. This section
reports the immobilisation of the copper wastewater sludge, including the possibility of its
valorisation as potential building materials. This work is evaluated, the incorporation of a
certain amount of the sludge into the geopolymer materials using the one-part method,
making a comparison with a material of references and other residue (phosphogypsum). For
this, physicochemical characterization and technological tests of new materials are carried.

This work has been sent for publication in Sustainability (under review).

Finally, the fourth chapter develops the main conclusions of this thesis, as well as the future lines of
research. Additionally, a complete list of all references used in the study are included at the end of

this chapter.
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2.1 SAMPLINGS AND PRE-TREATMENTS

This section describes the samplings and pre-treatments carried out for each of the wastes and/or

secondary materials studied.

2.1.1 Samplings

The samplings were done in different periods over the last five years, which were carried out by the

Atlantic Cooper's personnel. About 45 kg for each sample were collected in each sampling.

e For the sludge scrubber (SS) and sludge of converters (SC), four sampling campaigns were
performed for one month, i.e., one for each week of March 2015. Four sample of each sludge
were collected to analyse their homogeneity.

e For electrolytic sludge (ES), several sampling campaigns were carried out over three months
in spring 2017. A sample was collected every eight days to verify the homogeneity of the
ES. Ten samples were collected.

e For copper wastewater sludge (CWS), two sampling campaigns were carried out for one

week in May 2019, in which two composed samples were collected.

2.1.2 Pre-treatments

The samples were stored in airtight containers after collection. In the laboratory, the samples were
dried at 60 °C to constant weight and homogenized by manual agitation for carefully to break the
clods of the samples. For some analysis (DRX, [CP-MS, etc.), the samples were milled on a mill ring

(Retsch, RS 100) and sieved at 63 um mesh.

The experiments to which the samples have been subjected are shown in the next sections, as well

as the different characterization techniques and technological tests used.
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2.2 EXPERIMENTS

This section summarizes the experiments performed, which will be explained in more detail in

Chapter 3.

2.2.1 Dissolution of the electrolyte sludge (ES)

The dissolution of the electrolyte sludge (ES) was carried out in acid medium by using sulphuric acid
solution (H>SO4). The influence of temperature, solid-to-liquid ratio, and the type of oxidising agent
(air, oxygen, and nitric acid) were studied. Firstly, ES dissolution was done by applying different
sulphuric (H>SO4) and nitric acids (HNOs as oxidising agent) solutions, where different conditions
were simulated: 1) two solid-to-liquid ratios, of 1:10 to 1:20 g/mL were employed; 2) sulfuric acid
and nitric acid concentrations used ranged from 0.9 to 2.7 M and between 1.0 and 1.8 M, respectively;
3) the temperature and reaction time were: 24 h / 20 °C, and 2.5 h / 50 °C. During the experiments,
the solution was stirred. Secondly, ES dissolution was performed applying a constant airflow (2
L/min) as oxidising agent and several concentrations of H>SOs solution (2, 4, 6 and 10 M). Finally,
ES dissolution was done using O, (purity > 99.5 %) as oxidising agent, this experiment was carried
out under optimal concentrations of H»SO4 solution (2 M) and a O, constant flow of 8 L/min at a
pressure of 1 atm. In the experiments with air or oxygen the solution was stirred at 500 rpm and
heated at 80 °C for 2.5 h. Finally, the blue solution formed by complete dissolution of the ES was

named electrolyte sludge solution (ES solution).

The equipment used for these experiments is shown in Figure 2.1. A reaction vessel (1 L beaker)
without a lid, a magnetic stirrer with a heating plate, and a thermocouple were used for the HNO3
experiments (Figure 2.1a). A beaker (1 L) equipped with a bubbler system consists of a lid with holes
through which 16 equidistant glass tubes are inserted for a homogeneous distribution of the air/O,,
was used for the air or O, experiments. Additionally, a flowmeter, a thermal jacket and air pump

were also used. The O is injected from oxygen bottles (Figure 2.1b).
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(a) (b)

Bubbler system

Beaker 1L

Thermocouple Beaker 1L

Thermocouple —
Thermal

Jacket

() Flowmeter

Air pump

Figure 2.1. Experimental equipment using dissolution of ES. (a) With HNO3 and (b) with Air or O:.

Magnetic stimer-with heating: plate Magnetic stirrer with heating plate

2.2.2 Arsenic Removal

Arsenic removal experiments were carried out using two solutions. The first solution, called
“artificial solution”, was prepared by dissolving hydrated arsenic (V) oxide (As,Os3H,0O) with
distilled water and heating to 60 °C in the laboratory, whose As concentration were 10 g/L. The
second solution was obtained by complete dissolution of the ES, named “ES solution”. The arsenic
removal was carried by precipitation with ferric ions through the formation of scorodite
(FeAsO42H»0), following the reaction 2.1.

4H;AsOy4 @t 4FeSO4(aq)+ 0, o 6H,0 (o) > 4FeAsO42H,0 ) + 4H,S04 (@) Eq. 2.1
According to the literature consulted (Demopoulos, 2014; Droppert, 1996; Fujita et al., 2009a,
2008a), the scorodite formation can carry out using Fe?* or Fe** sources, when using ferrous ions, air
or oxygen is added to oxidize the ferrous ions to ferric, which induces the precipitation of arsenic
(Eq. 2.1). In addition, the precipitation of scorodite occurs at pH between 1.5 and 3.0. However, the
induction of pH must carry out by sequential neutralization stages to control the scorodite formation.
The synthesis is normally performed in three stages of pH adjustment. In step I (pH 1.5), the Fe
source is added, and the reaction continues for 3 h. The As precipitation reaction reaches equilibrium
at a final pH lower than the initial pH. To induce the precipitation of As, the equilibrium (Eq. 2.1)
must move to the right by decreasing the acidity. This achieves by adding an alkaline agent until a

pH around 2.0 (stage II), which reach the equilibrium again ( pH = 1.5) after about 3 h. Then the pH
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is increased between 2.5-3.0 by another alkali addition (step III), reaching a final pH of around 2.0

after equilibrium.

The experiments for arsenic removal carried out with the artificial solution were focused on looking
for the method optimization of FeAsO42H,O formation. In these experiments, several conditions
were simulated: 1) two Fe** sources (FeCls, Fex(SO4)3-7H,0); 2) One Fe** source (FeSO4-7H,0), and
air was injected at a rate of 1-2 L/min to oxidise the Fe** to Fe**. Both simulations were done at an
As/Fe molar ratio of 1.5, without pH adjustment and under continuous stirring at 85 °C for 6 h; 3)
the precipitation was carried out in three stages of pH adjustment using Ca(OH), or Mg(OH),, ferrous
sulphate, and air. The experimental conditions were the same as those used in previous experiments
(As/Fe molar = 1.5; T= 85 °C), except the reaction time was 3 h for each stage. The pH was adjusted
to 1.5, 2.0 and 2.5 in steps 1, stage 11, and III, respectively.

The arsenic removal experiments with the ES solution were carried out under the optimal conditions
found in the previous experiments (As/Fe molar=1.5; T= 85 °C; Reaction time for stage = 3 h). Thus,
these experiments were performed in three stages of pH adjustments using Ca(OH), or Mg(OH), as
alkali reagents for pH control. The procedure was the same as the previous experiments. However,
in this case, an initial stage was included since ES solution pH was below 0.5. The initial stage
consisted of increase the pH until 1.5 to achieve the ferric arsenate precipitation subsequently in the

others three stages.

The equipment used in the As removal experiments consisted of a beaker with a lid used as the
reaction vessel equipped with, a heating plate with thermocouple, a thermal jacket, a mechanical

stirrer, an air pump, and flowmeter (Figure 2.2).
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Figure 2.2. Experimental equipment for arsenic removal.

2.2.3 Copper recovery

Copper recovery experiments were carried out by an evaporative crystallization process to produce
copper (1) sulphate pentahydrate (CuSO4 5H>0). The electrolyte sludge solution (ES solution) was
evaporated with continuous stirring (450 rpm) at 80 + 5 °C and using different concentration factors
(CF = Vy/ Vi, where Vj is the initial volume of the solution, and V; is the final volume of the obtained
solution at each evaporation step). After, the temperature was reduced at a cooling rate of 0.5 °C/min
until reaching room temperature (~ 20 °C). The ES solution remained immobilized for 24 h, being
the crystal growth stage. Then the solution was filtered to collect the CuSO4-5HO crystals, which
were rinsed with ethanol and dried at 50 °C until reaching a constant weight. The copper recovery
experiments were carried out by two methods: sequential and non-sequential evaporation. The
sequential method consisted of a crystallization process done in five sequential evaporation stages,
i.e., the initial solution used in stage II is the final solution of stage I after having collected the
CuSO4-5H20 crystals. At each stage, approximately the same amount of solution was evaporated.
On the other hand, in the non-sequential experiments, three crystallization processes were carried,
evaporating different amounts of solution at each of them and starting from the ES solution in each

case.

The equipment used in the Cu recovery experiments consisted of a 250 mL reaction vessel with (250
mL graduated beaker) without a lid, a magnetic stirrer with a heating plate, a thermocouple, and a

thermal jacket (Figure 2.3).
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Figure 2.3. Experimental equipment for copper recovery.

2.2.4 Preparation of geopolymer materials

The geopolymer materials were manufactured using the one-component or "just add water" method,
which consists of mixing a solid alkaline activator and a solid aluminosilicate precursor with or
without aggregates (alumina, sand, fibres, etc.) in dry and then the water is added to initiate the
reaction. This process is analogous to preparing ordinary Portland cement-based materials
(Hajimohammadi and van Deventer, 2017; Luukkonen et al., 2018a). Most studied precursor consists
of a CaO-MgO-Al;03-SiO; system which forms calcium-aluminium-silicate-hydrate gel (C-A-S-H
in cement chemist notation) as the result of alkali activation. This gel phase is highly reactive and
induce the silicate and polysialate network formation and hardening throughout the geopolymer

matrix (Komnitsas and Zaharaki, 2007; Luukkonen et al., 2018Db).

In these experiments, blast furnace slag (BFS) was used as solid aluminosilicate precursor. In the
preparation, a fraction solid precursor is substituted by two hazardous wastes, namely
phosphogypsum (PG) and copper wastewater sludge (CWS). Granulated sodium metasilicate
anhydrous (Na;O= 47-49.5 %, SiO,= 50.5-53 %) from Sigma-Aldrich was used as solid alkali
activator and, for the mortars (M), commercial natural sand from Weber Saint-Gobaing, Aveiro,
Portugal, was used as aggregate. In this study, the geopolymer materials with sand were called

mortars.

Geopolymer pastes and mortars were prepared for the experiments. The reference geopolymer paste

was prepared only with BES. The other geopolymer pastes were prepared by substituting a certain

26



CHAPTER 2. MATERIALS AND METHODS

amount of the precursor for the PG and CWS residues. The mechanical properties were studied in
function of particle size distribution of the wastes. Thus, the CWS sample was sieved at 63 um and
then the geopolymer was prepared with that fraction. The mortar specimens were prepared for the
sand-to-binder ratio of 4:1 (g/g), the mass of the binder is the mass of precursor and residue. For the
reference geopolymer mortar, the BFS was mixed with sand. Then, the other mortar specimens were
prepared, replacing a certain amount of the BFS with PG or CWS. In section 3.4.2.2 are shown the

mixtures performed with each residue.

The equipment used for the preparation of pastes and mortars is shown in Figure 2.4. The procedure
consists of weighing and manually mixing the solid precursor, activator, and sand only in the case of
mortars in a plastic bag. When the mixture was completely homogeneous, mixed with water in the
mechanical mixer for 1 min. Then, the slurry was manually mixed with a palette for 1 min. After,
this is again mechanically mixed for 1.5 min. Finally, the sample is cast into 40x40x40 mm metallic

moulds.

metallic moulds

mechanical mixer

e i . 3
3y
beakers
chronometer

palette mixer

precision balance

Figure 2.4. Experimental equipment for the preparation of geopolymer materials.
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2.3 CHARACTERIZATION TECHNIQUES

This section describes the techniques used in the physic-chemical characterization of the collected

sludges and the new material produced in the experiments.

Granulometry

The particle size distribution of the samples was determined with a modular analyser, Mastersizer
2000-Malvern equipped with 52 detectors, a wet sample dispersion unit Hydro 2000MU, and He-Ne
lamp as light source at a wavelength of 632.8 nm, property of the Central Research Services at the
University of Huelva (Spain). The laser analyser provides the primary size information for particles
in the 0.02 to 2000 um range. For this, a representative amount of each sample (20-30 mg) is placed
in 50 mL ethanol (dispersant) and subjected to ultrasound for 10 min at room temperature, followed
by magnetic stirring (700 rpm) in a flask for 30 min to ensure the homogeneous distribution of the
particles. Aliquots are then collected for granulometric analysis. The calibration method is carried
out with several certified reference materials (CRMs) were employed to calibrate the method:
LTX3300C Nanosphere Size Standards, 2009A and 2009B Duke Polymer Microsphere Uniform
Standards, 4009, 4009A and 4009B Duke Standards Microsphere Size Standards. Before each run,

it is verified that the device parameters are within the measurement range.

For some samples, the wet particles size distribution was determined using an analyser HORIBA
Scientific Partica LA-960V2 equipped with, a fraction cell accessory, and red solid-state 5 mW laser
diode (650 nm) and blue solid-state 3 mW LED (405 nm) as light sources, property of the department
of materials and ceramic engineering of University of Aveiro, Portugal. The laser analyser provides
the primary size information for particles between 10 nm a 3000 um. For this, about 10—100 mg of
sample is place in fraction cell with 5—10 mL of ethanol. The wet system of equipment includes a fill
pump, liquid level sensor, circulation pump, 30 W in-line ultrasonic probe, and drain valve. It is all

software-controlled, and measurement takes 60 s at the push of a button.

X-Ray diffraction (XRD)

The mineralogy of the samples was performed using a Panalytical X’Pert Pro diffractometer,
equipped with the Cu X-ray source and X’celerator detector, operating under the following
conditions: voltage 40 kV; current 10 mA; range 5-70° 20; step size 0.017° 20; time per step 50.165
s; divergence slit fixed and angle 0.5°. The crystalline mineral fractions were identified using a
X’Pert High- Score Plus software, along with the PDF-4 Minerals 2013 ICDD (International Centre

for Diffraction Data) database. The quantification of the mineral phases was performed using the
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Rietveld method, which employs corundum (Standard Reference Materials: SRM 1976a) as an
internal standard to determine the amount of amorphous material. The X-ray diffraction analysis was

carried out in accredited Activation Laboratories (Actlabs) from Canada.

For some samples was performed with a Bruker D8-Advance diffractometer equipped with Goéebel
mirror (non-planar samples), a high temperature chamber (up to 900 °C), a KRISTALLOFLEX K
760-80F x-ray generator, (power: 3000 W, voltage: 20-60kV and current: 5-80 mA) and an X-ray
tube with a copper anode, installed in Research Technical Services (SSTTI) of the University of
Alicante. The crystalline mineral phases were identified with the software Match! (Phase
Identification from Powder Diffraction) of Crystal Impact using the COD database (Crystallography
Open Database). In this case, zincite (ZnO) was added prior to the analysis as an internal standard to

determine amorphous material and quantify the mineral phases.

During the doctoral stay in the department of materials and ceramic engineering of University of
Aveiro (Portugal). It was employed to identify crystalline phases a Panalytical X’Pert PRO?
diffractometer, equipped with the Cu X-ray source, graphite monochromator, grazing angle XRD,
and temperature chamber with “in situ” measurements up to 1300 °C, proper of this department. The
operating conditions were voltage 45 kV; current 40 mA; range 10—-80° 26; step size 0.026° 26; time
per step 497 s; divergence slit fixed and angle 0.43°. The crystalline mineral fractions were identified

using a X Pert High- Score Plus software, along with the PDF-4 Minerals 2013 ICDD.
X-Ray fluorescence (XRF)

The major elements were measured by XRF employing a Panalytical AXIOS model sequential
spectrometer, in the Central Research Services of the University of Seville (Spain). This is equipped
with an X-ray tube of 4 kW, a front window, and an anode of Rh, five analysing crystals (PX1, PE
002, LIF 200, Ge 111, and LIF 220), and two detectors (flow and scintillation). Prior to the analysis,
the samples were prepared as pressed discs of 40 mm in diameter and 25 mm in thickness. This is
equipped with an X-ray tube of 4 kW, a front window, and an anode of Rh, five analysing crystals
(PX1, PE 002, LIF 200, Ge 111, and LIF 220), and two detectors (flow and scintillation). Prior to the
analysis, the samples were prepared as pressed discs of 40 mm in diameter and 25 mm in thickness.
Additionally, a Philips X'Pert PRO MPD spectrometer was used, installed in the CICECO - Aveiro
Materials Institute of the University of Aveiro (Portugal).

For the calibration, a standard MAC 80090-20 X-ray Fluorescence Universal Set for 20 elements
(Na, Mg, Al, Si, P, S, Cl, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Nb, Sn, Ba, W, Pb) was used. To verify
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the quality of the result, several CRMs (GBW 07238 (NCS DC 70006), SX18-04, and BIR-1a)

were used.

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

The determination of trace elements was carried out in inductively coupled plasma optical emission
spectrometry (ICP-OES), Varian 735ES. This analysis was carried out in Activation Laboratories
(Actlabs) from Canada.

Prior to the analysis, the samples were digested by mixing four acids (hydrochloric, nitric, perchloric
and hydrofluoric acid), named the “near-total dissolution method”. For the digestion, 0.25 g samples
were taken and added HF, followed by a mix of HNOs and HCIOs. After, the mix is heated using a
programmer controlled in several ramping and holding cycles which takes the samples to dryness.

Once dryness is achieved, the samples are dissolved in aqua regia, then diluted and analysed.

For some aliquots were dissolved by “peroxide total fusion method”. This assay method is ideal for
base metals such as Cu, Pb, Zn, Ni, and refractory elements such as Mo, Nb, Ta, As, Cr, Ti as well
as a range of other elements. This method involves a mixing solid sample with an alkali fusion flux
inside a nickel crucible, heated to about 600-800 °C with agitation until complete reaction and
dissolution of the sample in the flux. The mixture is cooled in situ to produce a vitreous mass and is

easily soluble in dilute acids.

Quality control (QC) included the use of blanks, replicates, and several CRMs (CZN-4, OREAS
45d, OREAS-97, OREAS-98, OREAS-101a and RGTH, etc.).

Inductively Coupled Plasma Mass Spectrometry (ICP- MS)

The inductively coupled plasma mass spectrometer (ICP-MS) was also used for the determination of
traces elements. This measurement was carried out in Actlabs (Canada). This laboratory used Perkin
Elmer Sciex ELAN 9000 spectrometer. Quality control (QC) included the use of blanks, replicates,
and several CRMs (GRX-1, GXR-4, GXR-6, MP-1b, SAR-M, SBC-1, etc.).

Scanning Electron Microscope with Energy Dispersive Spectrometer (SEM-EDS)

The morphology and microstructure of the samples were studied using an environmental scanning
electron microscope (SEM) QUANTA-Fei 200, installed Central Research Services at the University
of Huelva (Spain) and Hitachi S4100, property of the department of materials and ceramic

engineering of University of Aveiro (Portugal). Both were equipped with an energy dispersive
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spectrometer (EDS) which enables multi-elemental semi-quantitative analysis. A database was used

to determine the mineralogical composition (Mineralogy Database, 2012a).

A scanning electron probe microanalyzer (EPMA) JEOL JXA-8200 model with four wavelength
dispersive X-ray spectrometers and energy dispersive X-ray spectrometers (EDS) was used to obtain
the spatial distribution of several elements. This analysis was carried out Central Research Services

at the University of Huelva (Spain).

Prior to the analysis, the samples were inserted in the epoxy resin (Araldite®), then grinded with
silicon carbide paper (SIC paper) and polished with 6, 3 and 1 um diamond paste. Afterwards, the
samples were covered with a thin layer of Au—Pd, in a Spark Blazer SCD 050, which made them

conductive for electrons, thus facilitating their observation in the microscope.
Thermal Analysis

Thermogravimetric analysis (TGA), differential thermal analysis (DTA) and differential scanning
calorimetry (DSC) were used to study the thermal behaviour of the samples. TGA-DTA analysis
was carried out by Scientific and Technical Services of the University of Oviedo (Spain) using a
Mettler-Toledo TG-SDTA 851E thermobalance and for TGA-DSC analysis was performed by the
Research Technical Services of the University of Alicante using a Mettler-Toledo TG/DSC2
thermobalance. Both thermobalances are coupled to the ICP-MS (Pffeifer ThermoStar) equipment
to determine the composition of the residual gases. For the operating conditions used were 25—-1000
°C with a heating rate of 10 °C/min and an inert N> atmosphere with a flow rate of 50 mL/min. Before

analysis, the samples were finely ground and homogenized.
Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) analysis, in attenuated total reflection (ATR) mode
was used to determine the vibrational bonds formed (functional groups) in the geopolymer. This
analysis was performed using the Perkin Elmer Spectrum BX FT-IR spectrophotometer (Figure 2.8),
equipped with the single horizontal Golden Gate ATR cell, property of the CICECO — Aveiro
Institute of Materials of the University of Aveiro (Portugal). The operating conditions used to obtain

the spectra were a wavenumber range of 4000400 cm™!, with a resolution of 8 cm™ and 128 scans.
Leaching test

To evaluate the mobility of the pollutants in the samples, a leaching test protocol based on the EN

12457-4 test (CEN: European Committee for Standardization, 2002a) was applied, according to the
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RD 1481/2001 of 27 December, which regulates the disposal of waste by landfill, in agreement with
the provisions of Directive 1999/31/EC on landfill. RD-1481/2001" establishes the waste acceptance
criteria for each type of landfill, which are classified as inert, non-hazardous, and hazardous. In
addition, this regulation shows the threshold level established for each type of waste (inert, non-

hazardous, and hazardous).

The leaching test set out in the norm EN 12457-4 was adopted in this experiment, where the
extraction fluid used was distilled water at a liquid/solid ratio of 10 L/kg (+ 2%). Polyethylene bottles
were employed as extraction vessels, which were subjected to rotation with agitation equipment with
Teflon-coated rod at 5-10 rpm during 24 + 0.5 h. Then, the solution was vacuum filtered using
membrane filters of 0.45 um pore size, in agreement with the EN 12457-4. Finally, the solutions

were preserved for analysis by ICP-OES and ICP-MS.

To evaluate the immobilization of the pollutants in the geopolymer materials, leaching tests were
carried out following the EN 12457-2 (CEN: European Committee for Standardization, 2002b). The
extraction fluid used was distilled water at a liquid/solid ratio of 10 L/kg (£ 2%). The geopolymer
specimen was submerged in distilled water without agitation during 24 = 0.5 h. Then, the solution
was collected and measured in total reflection x-ray fluorescence spectrometer (TXRF — S2
PICOFOX 50 keV), with detection limit raging in the ppb. This leaching test was carried in the
University of Aveiro, Portugal. Quality control for both leaching tests included the use of blanks and

replicates.

* RD 1481/2001 of December 27 has been repealed by RD 646/2020 of July 7, which regulates waste disposal
by depositing it in a landfill.

32



GEOPOLYMER TECHNOLOGICAL TEST CHAPTER 2. MATERIALS AND METHODS

2.4 GEOPOLYMER TECHNOLOGICAL TESTS

This section describes the technological tests carried out on geopolymers, which are the same as
those applied to cement and mortar for masonry. These tests were carried out department of materials
and ceramic engineering of University of Aveiro (Portugal). In all tests the above tests, three

replicates were used, and their respective standard uncertainty was calculated.

Determination of consistence of fresh mortar

Flow table test was used to assess the consistence of the paste, in agreement with the EN 1015-3
(CEN: European Committee for Standardization, 1998). The consistence is a measure of the fluidity
and/or wetness of the fresh mortar and gives a measure of the deformability of the fresh mortar when

subjected to a certain type of stress.

Flow table test was performed by the procedure described below. First, the mould was placed in the
centre of the disk of the flow table. After, the mortar was introduced into two layers. Each layer is
compacted by at least ten short strokes of the tamper to ensure uniform filling of the mould (Figure
2.5). Next, the excess mortar is shimmed off with a palette and wiped the free area of the disc clean
and dry, being especially careful to remove any water from around the bottom edge of the mould.
After around 15 s, slowly, the mould is raised vertically and measured of initial diameter (Figure
2.5). Then, the mortar was spread out on the disk by jolting the flow table 15 times at the constant
frequency of about one per second and measured of final diameter (Figure 2.5). The diameter
measurement of the mortar was carried in two directions at right angles to one another using a

calliper.

Figure 2.5. Flow table test
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Setting time of cement: Vicat apparatus

Setting time (initial and final) was determined using the Vicat apparatus, according to European norm
EN 196-3 (CEN: European Committee for Standardization, 2005). The setting times of cement give
an indication of how long the cement will remain workable when used in a concrete mix. If the

cement has deteriorated or was originally defective, it may take an excessive time to set.

The standard Vicat apparatus is shown in Figure 2.6. The setting time test procedure consisted of
placing a fresh cement paste sample in the mould and levelling it with a palette. After, the initial
needle was fitted to apparatus, brought into contact with the cement paste surface and released.
Initially, the needle penetrated entirely through the paste to the base of the mould. These steps were
repeated at regular intervals (10 min) at different points on the surface until the needle only penetrates
around 5 £ 1 mm of the mould base. The time from initial mixing the cement with water until the
desired penetration was achieved is the initial setting time. Then, the initial needle was changed to a
cylindrical blunt-ended needle hollowed to determine the final setting time. The needle was brought
gently into contact with the surface of the paste and released, leaving a 5 mm mark of diameter in
the paste. This operation was repeated every 10 min until the edge did not mark the paste. Thus, the

time passed from the initial mixing until this moment is the final setting time.

Figure 2.6. Vicat apparatus

Calorimetric measurements

Calorimetry test measures the heat generated from the early reactions of the cement materials. The
heat outflow tracks the reactions of the mixture, which gives visibility into the behaviour of
concrete/mortar in a way that a setting time test or compressive strength test could not. The time and
shape of the temperature curve obtained through calorimetry is an indicator of the relative

performance of the mixture.
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This test consisted of placing a fresh paste sample in a vessel with a lid through which a thermocouple
passed. First, the thermocouple was dipped into the paste to monitor the temperature. After the vessel
was placed in the quasi-adiabatic calorimeter, the chamber was closed and then started the
temperature and time measurement. Next, the thermocouple was connected to the data acquisition
device (Data Logger Switch Unit34970A from Agilent). The calorimetry test was performed during
the first 24 h of curing in a climatic chamber (Fitoclima 300 EP10 from Aralab) at relative humidity
(RH) of 65 % and a temperature of 20 °C. These conditions were selected to represent the conditions

present in the plastic bag during the first 24 h of curing.

Before the test (about 24 h), the quasi-adiabatic calorimeter, the vessel with lid, thermocouple and

raw materials were placed in the chamber at 65 % of RH and 20 °C.

Compressive strength

The compressive strength was determined using a Universal Testing Machine (UTM, Shimadzu AG-
25TA), according to EN- 1015-11 (CEN: European Committee for Standardization, 1999). The UTM

used is shown in the Figure 2.7.

The compressive strength test of the specimen was carried out after 7 and 28 days of curing. First,
the specimen was filed, removing any loose grit or other material from the sides of the specimen.
Then, the length, width and height of the cube were measured using a calliper. Next, the platens of
the testing machine, with a clean cloth, were wiped. After, the specimen was placed between the
compressive platens at its centre position. The specimen must be carefully aligned to load applied to
the whole width of the faces in contact with the platens. The test was conducted using a load
displacement of 0.5 mm/min. Finally, the compressive strength test ends after the maximum load are

recorded (the specimen breaks down).
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Figure 2.7. Universal Testing Machine (Shimadzu AG-25TA). The images of the start and end of the test
are shown at the bottom of the figure.

Water absorption

The water absorption of specimens was measured by total immersion in water. After 28 days of
curing, the specimen was weighed and placed in the tray (Figure 2.8). Water distilled was added until
the specimen was completely immersed. After 24 h, the specimen was removed, wiped off surface
water with a dampened cloth, and weighed. The percentage of water absorption calculated following

Eq. 2.2, where "M)" is the initial mass, "M>,;" and the mass measured after 24 h.

(Mo — M3,)

x 100
M() Eq. 2.2

Water absortion (%) ==
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Figure 2.8. Water absorption test

Capillarity

The water absorption coefficient due to capillary action, named capillary coefficient, of specimens
was determined by immersing one of faces of the specimen, following EN 1015-18 (CEN: European

Committee for Standardization, 2002c).

After 28 days of curing, the specimen was weighed and placed in the tray. Water distilled was added
until a depth of 5-10 mm was reached (Figure 2.9). The chronometer was activated. Then every 10
min, the specimen was removed from the tray, quickly wiped off surface water with a dampened
cloth, weighed and replaced immediately into the tray. This procedure was repeated for 90 min. The
sample was kept submerged for 24 and then weighed. Finally, the specimen's capillary coefficient
(C in kg/m? min®°) was determined through the straight-line slope linking the representative points
of the measurement carried out at 10 min and 90 min. According to Eq. 2.3, where "AM" is the
difference between the initial mass "M," and the mass measured every 10 min "M;", "A" is the

submerged surface, and "t" is the elapsed time.

C( kg )_ AM (Mo — M)
mZmin®5) At AVE Eq. 2.3
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Figure 2.9. Capillary test
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3.1 CHARACTERIZATION OF TWO SLUDGES FROM A PYROMETALLURGICAL COPPER SMELTING

COMPLEX FOR DESIGNING A Se AND Pb RECOVERY PROPOSAL

D.C. Paz-Gémez', S.M. Pérez-Moreno', I. Ruiz-Oria’, G. Rios® and J.P. Bolivar!
Waste and Biomass Valorization 12 (2021) 2739-2755

Abstract

Gas scrubbing sludge (SS) and fine dust of converters (SC) are wastes generated in the off-gas
cleaning system of smelting and converting processes. Both wastes are considered hazardous
materials due to their high metal contents and leaching characteristics. The main purpose of this study
was to gain essential knowledge on the recovery of valuable elements contained in these wastes.
Thus, an exhaustive characterization was carried out to determine the composition, mineral phases,
particle size, and leachability of both wastes (SS and SC) as a preliminary step to select the most
appropriate applications and treatment for them. These wastes are composed of fine particles (~ 95
% < 63 um), mainly containing Pb (> 20 %) as anglesite (PbSO4), while SS presents a high
concentration of Se (34 %), which is mainly identified as metallic selenium. Therefore, these residues
could be used as secondary sources of Pb and Se. The recovery of Se by roasting process and Pb

recovery by hydrometallurgical route seem to be the best options for the management of these wastes.

Graphical abstract

WASTES

[ Gas scrubbing sludge
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High Pb content

-
e
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Keywords: Converter dust, Gas scrubbing sludge, Selenium recovery, Copper smelting, sludge

characterization.
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Statement of Novelty

This study is new to Waste & Biomass Valorization because it is the first time that these two wastes

from copper smelting are deeply characterized and proposed a viable pathway for their valorization.
3.1.1 Introduction

The global demand for copper has increased in the last 50 years due to expanding sectors such as
electrical and electronic components, building construction, manufacture of industrial machinery and
equipment, transport, and consumer products. Refined copper production worldwide reached 23.5
million tonnes in 2017 (ICSC: International Copper Study Group, 2018), which accompanies a huge
amount of dust, sludge, slag and wastewater (Csavina et al., 2014; Newhook et al., 2003). In the last
decades, the recycling and valorisation increase of the industrial wastes has reduced disposal costs
and prevented risks for the environment and human health (EEA: European Environment Agency,

2017; European Commission, 2015).

A big hydro-pyrometallurgical copper industrial complex is located in Huelva (Spain), which is one
of the biggest manufacturers of copper cathodes in Europe, which produces around 2.9-10° t/y of
high purity copper (99.99 % Cu). The industrial process (Fig. 3.1) begins with the smelting of copper
concentrate (around 30 % Cu), in the Flash Furnace (FF), in which the “matte” with 64 % Cu is
obtained. Then, the matte is introduced into the Converter Furnaces (CF), where it becomes “blister
copper” (> 99 % Cu). The slag generated in the FF and CF is treated in an Electric Furnace (EF) to
recover the remaining copper in the slags (1.5 % and 5 %, respectively), leaving the final copper
content below 1 % in the obtained slag from the EF, which is mainly formed by iron silicates (Fig.
3.1). The blister copper is transformed into “copper anodes” (99.6 % Cu, 3.3-10° t/y) in the Refining
Furnaces (RF). Finally, the anodes are subjected to the electro-refining step, in which “copper

cathodes” are obtained (> 99.99 % Cu).
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Figure 3.1. Overview of material flows and process.

Smelting copper concentrate in the FF is a continuous process in which O,-enriched air is blown and
dried concentrate, flux agent (Si0O,) and recycled materials come from different steps of the process
at 1250 °C. The copper concentrate (raw material with about 30% in Cu) reacts with O; to form
molten iron-silicate (slag) and Cu-enriched molten sulphide phase (matte, in which the copper
content is still rather low, about 60%), is a solution composed mainly by Cu,S and FeS. And then
the slag and matte are separated due to their different densities. In addition, most of the sulphur
contained in the raw material goes out as SO,-rich off-gas (Pérez et al., 2018b; Schlesinger et al.,

2011).

The SO,-rich gases from FF are cooled in a heat recovery boiler (Fig. 3.1), where a high-pressure
steam is produced, which generates electricity. Then, the outgoing gases from the boiler are dedusted
in electrostatic filters, and the collected dusts are returned to FF. On the other hand, the dedusted
gases coming from both FF and CF electrofilters are mixed and introduced into the scrubber section,
where the smallest particles and some soluble gases are removed by using diluted acid. And finally,
the precipitated solids (Sludge Scrubber = SS) are collected in a decanter. About 40 t/y of SS are
produced and stored in a controlled landfill located 70 km from Huelva city (Atlantic Copper, 2017;
Schlesinger et al., 2011).

On the other hand, the matte is oxidized using O»-enriched air, in the CF. This conversion is a batch
process in two stages: the slag and copper blows. The first stage is the slag blow, in which FeS is
oxidized to produce slag. This stage is ended when there is about 1 % Fe in the matte; then, the slag
is removed, producing a matte with a low S content (white metal), which is oxidized to blister copper.
The converting process is finished when oxide copper begins to appear in the copper sample. Both

stages generate SO»-enriched off-gases (Schlesinger et al., 2011).
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Off-gases from CF are dusted off in electrostatic filters (see figure 3.1), and purified gases, previously
mixed with off-gases from FF, are sent to the scrubber section. About 70 % of the converter dust
collected in these filters is sent to FF, whereas the remaining 30 % of this dust (around 1100 t/y) is
sent to hydro-cyclones, where the coarse particles are separated from fine particles (< 15 pum).
Previous studies indicated that the valuable metals (copper and gold) are found in the coarse particles,
which are recycled into FF, whereas the impurities (As, Bi, Sb, Pb and Zn), are contained in the fine
particles, forming a final sludge composed of fine dust of converters (SC), which are disposed by
landfill at around 430 t/y (Atlantic Copper, 2017). Both wastes are currently disposed in a controlled
landfill for hazardous wastes, where they are managed by applying a stabilization process to reduce
the mobility of pollutants contained in them, and do not exceed the thresholds established in the
Royal Decree (RD)1481/2001, regulation based on the Directive 1999/31/EC on landfills (Directive
1999/31/EC, 1999; RD 1481/2001, 2013). The management of both wastes implies high transport
and storage costs, in addition to a potential environmental impact. For these reasons, this practice

must be replaced by the valorisation of these wastes.

There are few studies in the literature about the characterization and valorisation of these wastes.
Some authors report on the recovery of Cu and other marketable elements, such as Ag, Bi, Co and
Zn (Lastra-Quintero et al., 2014; Nufiez et al., 1985; Yang et al., 2010). Moreover, other authors have
studied the removal/stabilization of hazardous elements, such As and Cd (Morales et al., 2010;
Vircikova and Havlik, 1999; Vitkova et al., 2011). Other works suggest the recovery of high added-
value elements, such as Ge and Se (Font et al., 2011; Gonzalez et al., 2017; Xing et al., 2018).

The properties of this type of residues depend not only on the composition of the concentrate fed into
the FF, but also on temperature, oxidation conditions, which are determined by the furnace type, and
the off-gas cleaning system employed (Ha et al., 2015; Morales et al., 2010; Schlesinger et al., 2011).
For these reasons, it is necessary to characterize these residues before deciding the most suitable
treatment, in order to recover the valuable elements (Balladares et al., 2014; Okanigbe et al., 2017,

S.M. Pérez-Moreno et al., 2018).

Taking into account the previous facts, the main objective of this work was to propose an alternative
process for the recovery of valuable elements contained in two wastes of a copper smelting plant (SC

and SS), based on a thorough characterization.
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3.1.2 Materials and methods

3.1.2.1 Materials

Four sampling campaigns were performed over a period of one month in March 2015. Four samples
were collected for each of the previously commented wastes, i.e., sludges from scrubber (SS) and
sludges from hydro-cyclones from CF off-gases (SC). At each sampling, about 4-5 kg for each
sample was collected, and then they were dried at 60 °C and homogenized by manual agitation trying
to break the clods but avoiding the breakage of particles the make up the sample. To verify the
homogenization degree in some samples four aliquots were taken and measured by ICP-MS, finding
that dispersion of the obtained concentrations was comparable to the RSD (Relative Standard
Deviation) of the individual measurements. Moreover, some elements were measured by two
different analytical techniques (ICP-MS and XRF), and the concentrations measured by both
techniques were analogous. In addition, the SS samples were washed with distilled water to remove
the remaining sulphuric acid, and it was verified that in the washing waters there was a negligible

amount of the rest of the elements from the solid waste.

3.1.2.2 Characterization techniques

3.1.2.2.1 Granulometry

The particle size range of the samples was determined through a granulometric analysis using a
modular analyser, Mastersizer 2000, with He-Ne laser diffraction technology at a wavelength of
632.8 nm. A representative amount of each sample was placed in ethanol and subjected to ultrasound
for 10 minutes, followed by magnetic stirring for around 30 minutes. In addition, several certified
reference materials were employed to calibrate the method: LTX3300C Nanosphere Size Standards,
2009A and 2009B Duke Polymer Microsphere Uniform Standards, 4009, 4009A and 4009B Duke
Standards Microsphere Size Standards.

3.1.2.2.2 Mineralogy and Chemical composition

The study of the mineral phases present in the samples was performed using a Panalytical X’Pert Pro
diffractometer, equipped with the Cu X-ray source and X’celerator detector, operating under the
following conditions: voltage 40 kV; current 10 mA; range 5-70 deg 20; step size 0.017 deg 20;
time per step 50.165 s; divergence slit fixed, angle 0.5°. The crystalline mineral fractions were
identified using a X'Pert HighScore Plus software, along with the PDF-4 Minerals 2013 ICDD
database. The quantification of the mineral phases was performed using the Rietveld method, which
employs corundum as an internal standard to determine the amount of amorphous material. The X-

ray diffraction analysis was carried out in Activation Laboratories (Actlabs) from Canada.
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The major elements were identified and quantified by an X-ray fluorescence (XRF) analysis using a
Panalytical (AXIOS model) sequential spectrometer. This system is equipped with an X-ray tube of
4 kW, Rh from window and anode, five analysing crystals (PX1, PE 002, LIF 200, Ge 111, and LIF
220) and two detectors (flow and scintillation). Previously, the samples were prepared as pressed

discs of 40 mm in diameter and 25 mm in thickness.

The determination of trace elements was carried out by two measurement techniques: Inductively
Coupled Plasma Mass Spectrometer (ICP-MS), Perkin Elmer Sciex ELAN 9000, and Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES), Varian 735 ES. Prior to the analysis,
the samples were digested by mixing four acids (hydrochloric, nitric, perchloric and hydrofluoric

acid). Moreover, some aliquots were dissolved by fusion with sodium peroxide.

3.1.2.2.3 Thermal Analysis

The thermal behaviour of the samples was studied by two methods: Thermogravimetric analysis
(TGA) and Differential Thermal analysis (DTA). A TG-85E 11 SDTA Mettler thermobalance was
employed, coupled to an ICP-MS equipment (Pffeifer ThermoStar) to determine the composition of
off-gasses. The operating conditions used were 25 — 1000 °C with a heating rate of 10 °C/min and an

inert atmosphere of N> with a flow of 50 mL/min.

3.1.2.2.4 Scanning electron microscopy (SEM)

The morphology and microstructure of the samples were studied using an environmental scanning
electron microscope QUANTA-Fei 200. This was equipped with an Energy Dispersive Spectrometer
(EDS) which enables multi-elemental semi-quantitative analysis. Then, a database was used to

determine the mineralogical composition (Mineralogy Database, 2012a).

A scanning electron microprobe (EPMA) JEOL JXA-820 model with four wavelength-dispersive X-
ray spectrometers and energy dispersive X-ray spectrometers (EDS) was used to obtain the spatial

distribution of several elements.

Prior to the analysis, the samples were inserted in the epoxy resin (Araldite®), then grinded with
silicon carbide paper (SIC paper) and polished with 6, 3 and 1 pm diamond paste. Afterwards, the
samples were covered with a thin layer of Au-Pd, in a Spark Blazer SCD 050, which made them

conductive for electrons, thus facilitating their observation in the microscope.
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3.1.2.2.5 Leaching test

To evaluate the mobility of the pollutants, the UNE? leaching test (CEN: European Committee for
Standardization, 2002a), from Directive 1999/31/EC, was applied. This directive regulates the
disposal of waste by landfill. The waste acceptance criteria are established for each type of landfill
in this norm. The leaching test set out in the norm was adopted in this experiment. The extraction
fluid used was distilled water at a liquid/solid ratio of 10 L/kg (£ 2%). Polyethylene bottles were
employed as extraction vessels, which were subjected to rotation with agitation equipment with
Teflon-coated rod at 5-10 rpm during 24 £ 0.5 h. Then, the solution was vacuum filtered using

membrane filters of 0.45 um pore size, in agreement with the UNE-EN 12457-4.

3.1.3 Results and discussion
3.1.3.1 Physical-chemical characterization

3.1.3.1.1 SS characterization
Granulometry

The particle grain-size distribution is very useful to decide the possible applications and treatments
of a specific inorganic waste. The granulometry obtained for SS waste is summarised in Table S3.1,
in supplementary material (Annex 1.1). It is characterised by a high proportion of “silt” (87 + 8 %),
and low contents of “clay” (11 £ 4 %) and “sand” particles (2.4 = 1.3 %), presenting a monomodal

distribution, as it is expected from a wet precipitation process, with a maximum of 8 pm (Fig. 3.2a).

In the Fig. 3.2b the cumulative volume particles distribution curve is shown, where the percentiles
can be easily seen, obtaining that the median of the particles size distribution (dso) is around 8 pum,
and the doo on 19 pum. This particle size distribution presents a high proportion of fine particles, which
is highly beneficial in the manufacturing of construction materials (Al-Jabri et al., 2011; Murari et
al., 2014; Wang et al., 2005; Zhao et al., 2014), or for improving the reactivity of the waste during
leaching processes (Hansen et al., 2005; Khalid et al., 2019a).

2Spanish acronym for “Una Norma Espafiola”
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Figure 3.2. Particle size distribution in % volume (a) and % cumulative volume (b) of the samples.

Elemental composition

The average concentration of the major and trace elements for the SS samples, measured by XRF
and ICP-MS, are shown in Figure 3.3. This information is essential to identify the potential elements

to be recovered and the pollutants that should be removed or reduced for their valorisation.

SS contains very high concentrations of Se (34.6 = 0.4 %) and Pb (20.8 = 0.3 %), whereas Hg (8.0 +
0.1 %), S (6.3£0.1 %), Sn(3.5£0.1 %), Ge (2.0£0.2 %) and I (1.4 £ 0.1 %) are in proportions less
than 10 %. Other elements, such as, Bi, Cu, Fe and Zn, were found in concentrations below 1 %, and
Cr, Sb, Te, Cd and Ni were found in trace concentrations (10—-100 ppm). The high content of metals,
such as Se, Pb, and Hg, could be due to the fact that they can be fully volatilized during smelting

50



SUBCHAPTER 3.1 CHAPER 3. RESULTS AND DISCUSSIONS

processes, after which they can either solidify as the gas cools down or form solid particles in the

scrubber (Montenegro et al., 2013; Schlesinger et al., 2011).
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Mineralogy

The Figure S3.1 shows the diffraction pattern (see, supplementary material Annex 1.1). The main
mineral phases were metallic selenium (34 % Se) and anglesite (27 % PbSOs). According to the XRF
results, the calculated PbSO4 concentration (around 30%) is in agreement with the XRD one

(experimental uncertainties < 10 %). Therefore, both results agree with the content of Pb and Se

obtained by XRF.
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The metallic Se probably came from the reaction of SO; in the off-gas with SeO, volatized in the
smelting process and the water added in the gas scrubber system, as shown in reaction 3.1

(Ramachandra Rao, 2006).

8602 (g)+ 2SOz(g)+2H20

o Se )t 2HZSO4(1)

Eq. 3.1

On the other hand, the PbSO4 was probably formed during the cooling down of the off-gases, when
the solidified PbO reacts with SO, and O», according to reaction 3.2 (Balladares et al., 2014; S.M.
Pérez-Moreno et al., 2018; Pérez et al., 2019)

PbO + SOz(g)Jr 1/20, 0™ PbSOy Eq. 3.2
In addition, SS had a high content of XRD-amorphous phase (around 40 %). The XRF analysis
showed high concentrations of other elements such as Hg, Sn and Ge, but no mineral phase was
found associated to them. Therefore, these elements have to be considered forming part of the XRD-
amorphous phase, which is formed by either no crystalline phases or microcrystalline phases, they
cannot be detected by the XRD. The formation of a high amorphous fraction can be due to the fast
cooling produced in the gas scrubbing (Balladares et al., 2014; Gonzalez et al., 2017).

Thermogravimetric analysis

A TGA analysis was conducted to determine the thermal behaviour of the sludge (SS), contributing
to the identification of some chemical compounds that were present in the sample. The results can
be seen in Fig. 3.4. It is observed that SS had three thermal events, which occurred at 310 °C, 562 °C
and 730 °C. SO, was detected in the last two events, thus the mass losses were probably due to the
decomposition of metal sulphates. The sulphates decomposition is usually determined from the
liberation of SO; but is decomposed autocatalytically into SO, + O, in the plasma, being detected in
the ICP-MS the m/z= 64 and m/z =32, respectively.

The DTA curve shows a thermal event at 200 °C, associated with the selenium melting. Then, it
evaporated at around 600 °C (Hoffmann and King, 2000; Olin et al., 2010). It can also be assumed
that part of the mass loss (about 35 %) at 562°C was due to this evaporation. The transition
temperatures obtained are slightly different than the average ones obtained under ideal conditions for
the transitions of Se (around 220°C and 685 °C), a fact being produced by the interactions between

the different substances that compose the real matrix.
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The first thermal event at 310 °C (DTG curve) corresponds to the decomposition of Hg>SO4 via the
chemical reaction 3.3 (Rumayor et al., 2013), which is in a proportion of 9 % in the sample taking
into account the mass loss at this peak. According to the stoichiometry of eq. 3.3, the reaction
produces about 5 % of HgSO4 that decompose at 562 °C with other species (Sn(SO4), and Se
volatilization) in accordance with reaction 3.4. In this point, the mass loss identified is about 44 %,
being the remain loss mass about 7 % (from the total mass lost at 562 °C, 51 %). This mass loss
suggests that probably the sample also contains about 7 % HgSO, being in agreement to the Hg
concentration measured by XRF.

Hg,S04,— HgS0, ,+Hg, Eq. 3.3

HgSO, = Hegg) #8020, Oz, Eq. 3.4
In agreement with the XRF data the SS sample contains about 3.5 % Sn, which could be as Sn(SO4)..
The decomposition of Sn(SO4), occurred at around 580 °C, according to reaction 3.5 (Ali and Sajadi,
2011; Kolta and Askar, 1975). It can also be assumed that part of the mass loss (about 5 %) at 562

°C was due to this decomposition, corresponding 9 % this compound in SS sample.

SH(SO4)2(S) d SnOz(s) + 2503(g) Eq.3.5
The decomposition of PbSO4 took place at probably 730 °C, according to reaction 3.6 (Ali and Sajadi,
2011; Kolta and Askar, 1975). In agreement with the mass loss, it is estimated that the sample
contained around 23 % of this compound. This datum confirms the result obtained in the XRD

analysis and the Pb obtained in the XRF analysis.
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Figure 3.4. TG-DTG-DTA curve and gases detected in the SS.

Scanning electron microscopy (SEM)

The SEM analysis performs a visual study of the surface of the residue, which can help to the identify
pollutant or unknown particles, thus providing information about the interactions between the phases
present in the material. In addition, this technique is used for the determination of the size, texture,
and morphology of the particles in order to understand the micro-properties of the material. The data

obtained in the SEM and EDS analyses of the SS sample are shown in Fig. 3.5.

The sample presents an agglomerated morphology formed by fine particles, according to the

granulometric analysis. The main composition determined by EDS is similar to that obtained in the
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XREF results, in which the sample was mainly composed of Se, Pb, Hg and S. Due to their amorphous
morphology, it was difficult to identify the compounds that are presented in the fine fraction.
However, it was possible to identify large particles (point 1, Fig. 3.5), which had a high content of
Pb, S and O, in agreement with the EDS spectra. Their composition and prismatic habit suggest that
these particles are composed of lead sulphate (anglesite), with a size between 1 and 50 pm.
Furthermore, the experimental mass ratio Pb/S is 6.17, which is in agreement with the theoretical
ratio of anglesite (Pb/S = 6.18), within of experimental uncertainties (< 10 %). This result agrees

with the previous results that one of the mineral phases found in the sample was anglesite (PbSOs).

Dark grey particles were also detected (point 2, Fig. 3.5), with a Si/O mass ratio analogous to quartz
(Si0»), but its characteristic crystalline habit was not observed. The sample present around 0.2 % of

this compound, proving the presence of Si in the sample.

In addition, it was identified small particles of metallic Se (point 3, Fig. 3.5), which presented a
granular shape with a size between 2 and 5 um. These results are in line with those obtained in the
XRD analysis. Moreover, medium-sized particles were found (point 4, Fig. 3.5), whose S and Cu
proportion was like that of covellite (CuS). The sample contained less than 1 % of this compound. It
can also be seen that its texture was granular, with a size of around 20 pm. This result confirms the

presence of Cu in the sample, in agreement with the data obtained in the XRF analysis.
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Figure 3.5. Scanning electron micrograph of SS particles. The table also shows the general composition
determined by EDS from the image located at the top left.

The secondary electron image of the SS region and X-ray mapping of principal elements (Se, Pb, S,
Hg, As, Cu, Sn and Cd) present in the sample are shown in Fig S3.2 (see, supplementary material
Annex L.1). Se, Hg, As, Sn and Cd were distributed throughout the matrix. It is observed that there
are regions in which Pb, and S are coincident, proving the existence of a PbSO4 phase. Moreover,
there were areas identified in which Cu and S were coincident, confirming the presence of CuS

previously found in the SEM analysis.

Leaching test

A UNE leaching test (CEN: European Committee for Standardization, 2002a) was carried out,
according to the RD 1481/2001 of 27 December, which regulates the disposal of waste by landfill,
in agreement with the provisions of Directive 1999/31/EC on landfills. Table 3.1 shows the results
obtained and the threshold concentration for non-hazardous material and hazardous material,
expressed in mg of element leached per kg of original material. The transfer coefficients (1) are also

shown, which represent the fraction of an element (%) that has been transferred into the liquid.
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The SS leached a concentration (Css) of As, Cd, Cu, S, Pb, Sb and Zn that exceeded the thresholds
established for their disposal as non-hazardous material in a controlled landfill. Moreover, the SS
matrix leached 99 % As, 96 % S, 63 % Cd, 53 % Cu and 43 % Zn, whereas the Pb leached was below
0.01. The transfer into the solution of sulphur (as anion SO4*’) is much higher than some heavy metals
(e.g., Pb presents a transfer very low, around 0.01%). This is due to metals such as Pb, Sn, Fe, etc.,
which form very “reactive” chemical species with a high tendency to be bound onto the solid
material. The amount of each metal precipitated will depend on its mobility into the leaching solution.
These results are in line with other studies where metals, such as Pb, present a low mobility in water

(Caruso et al., 2008; Krol et al., 2020; S.M. Pérez-Moreno et al., 2018).

A leaching test determined that this waste is likely to produce leachates with high contents of
pollutants, which could be harmful to human health and the environment in the case of their disposal
by landfill. Therefore, other alternatives must be sought, which focus on obtaining not only health

and environmental benefits, but also economic solutions.

Table 3.1. UNE test results for the samples.

Ces Coc Threshold Level Threshold Leve'l
Element (mg/ke) nss (%) (mg/ke) 1N sc (%) Non-Hazardous Hazardous Material
Material (mg/kg) (mg/kg)
As 1579 99 222 2.6:10"! 2 25
Ba <0.02 - <0.02 - 100 300
Cd 41.7 63 1410 29 1 5
Co 0.19 10 1.2 6 - -
Cr 2.3 1.9 <0.02 - 10 70
Cu 1525 53 11093 16 50 100
Fe 295 44 0.4 3.9-10°3 - -
Mo 2.93 6.2 1.1 5.6:102 10 30
Ni 4.39 20 7.1 11 10 40
Pb 19 9.1-10% 20 5.2-10° 10 50
S 60160 96 12880 21 20000 50000
Sb 2.7 2.4 5.7 2.7-10" 0.7 5
Se <0.02 - 0.4 1.3-10" 0.5 7
Sn 12.4 3.5:10 <0.01 - - -
Tl 2.4 17 114 11 - -
Zn 205 43 14594 85 50 200

3.1.3.1.2 SC characterization

Granulometry

The particle size distribution (% volume) obtained for SC is compiled in Table S3.1. The SC sample

is composed of a high concentration of “silt” particles (62 = 3 %), followed by a proportion of “clay”
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particles (34 = 3 %) and a low content of “’sand” particles (4.6 + 1.5 %), presenting a multimodal size
distribution with two maximums at 4 and 30 pm (Fig. 3.2a). The second maximum could be also
linked to the hydro-cyclones efficiency, which could not be 100 %, thus coarse particles may be

found in this waste.

The Fig. 3.2b shows the cumulative volume particles size distribution obtained for SC, in which is
observed that the median particles size distribution (dso) is about 6.5 um and dgo on 42 um. As was
previously mentioned, the fine particles (especially those between 8—40 um), are very beneficial for
construction materials manufacturing, since by controlling the size particle of the cement components
can be also optimized some of its properties related to the setting, hardening and curing, as the
compressive strength or permeability (Al-Jabri et al., 2011; Hu and Gao, 2008; Murari et al., 2014;
Wang et al., 2005). In addition, the recovery by hydrometallurgy route can be also favoured due to
the high reactivity of fine particles, lower than 40 pm (greater specific area) (Hansen et al., 2005;

Khalid et al., 2019a).

Elemental composition

The average composition of the major and trace elements for SC is shown in Fig. 3.3. The SC sample
contained Pb (38 £ 1 %) as the major element, and in lower proportion Bi (13.6 + 0.4 %), As (8.5 £
0.3 %), Cu (6.7 £ 0.9 %), S (6.1 = 0.1 %), Zn (1.7 £ 0.1 %) and Sn (1.3 £ 0.2 %). Other elements,
such as Ag, K, Fe and Si, were found in a proportion below 1 %. Furthermore, the sample presented
Cd, Mo, Sb and TI (50002000 ppm), and Te, Ni, Ge, and Cr (200-50 ppm) as their main trace

elements.

The Cu present in this waste came from the converter furnace’s off-gases, which carry substantial
levels of dust, composing particles of unreacted concentrate and droplets of matte/slag. These dusts
generally contain 20—40 % mass Cu at the converters output (Schlesinger et al., 2011). Consequently,
most of these dusts were recovered in the electrostatic filters and the hydro-cyclones and then they
were recycled in the FF, returning around 80 % Cu. On the other hand, the fine dust (SC) contained
a low Cu concentration and was rich in impurities, such as Pb, As, Bi and Zn, which were volatilized
in the smelting process and precipitated as the gases cool down (Montenegro et al., 2013; Morales et

al., 2010), in agreement with the results obtained.

Mineralogy

From the SC diffractogram (Fig. S3.1, Annex I.1), the anglesite (32 % PbSO4) was the only mineral
phase identified. Lead sulphate was formed during the condensation of Pb volatilized with SO, + O,
by reaction 3.2 (Balladares et al., 2014; S.M. Pérez-Moreno et al., 2018; Pérez et al., 2019). In
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agreement with the literature consulted (Balladares et al., 2014; Montenegro et al., 2013; Schlesinger
et al., 2011) and the XRF analysis, other crystalline phases should be identified, but it should be
noted the waste is a sludge composed of fine particles of converted dust come from hydro-cyclones,
in which the most oxides react with diluted sulphuric acid solution becoming in sulphates, that they

are not detected by XRD.

Furthermore, SC had a high content of XRD-amorphous phase (about 68 %). The XRF analysis
showed a high concentration of As, Bi, Cu and Sn, but no mineral phases of these were identified by
XRD, suggesting this fact that they are found in the called amorphous phase, which could contain
these elements either as a poorly crystalline phase or other microcrystalline phases, which cannot be
detected by the equipment. The formation of a large amorphous fraction can be due to a short cooling

time in the gas cleaning system (Balladares et al., 2014; Gonzélez et al., 2017).
Thermogravimetric analysis

In Fig. 3.6, the DTA curve reveals that the most thermal events were endothermic and indicated the
decomposition of chemical species contained in the matrix. The SC sample had seven thermal events,
which occurred at 108 °C, 290 °C, 415 °C, 446 °C, 563 °C, 660 °C and 782 °C. Water was detected
in the first and second events, which were due to a loss of crystallised water of some hydrated
compound. The third thermal event was exothermic, which are probably associated with some
chemical and physical thermal reaction types (Foldvari, 2011). The other thermal events were due to

the decomposition of sulphates, corroborated by the detection of SO in the ICP-MS system.

According to the decomposition temperature and the total loss of water, the hydrated compound
could be a copper (II) sulphate pentahydrate (CuSO4 5H>O) which is dehydrated at 108 °C and 290
°C, according to reaction 3.7 and 3.8, and then is decomposed at 446 °C, following reactions 3.9. The

literature consulted (Foldvari, 2011; Martinez Roca, 2007; Mu and Perlmutter, 1981; Tagawa, 1984)

confirms that the dehydrated copper sulphate gives three thermal events, which were detected around
75 °C, 110 °C and 250 °C, however, the water loss was detected in the first two thermal events in the
range 50-300 °C, which can be due to the interactions between the different substances that compose
the matrix and/or experimental conditions (heating rate). Considering the mass loss, it is estimated
that the sample contained around 6 % of this compound. However, Cu concentration in the matrix

was much higher (about 7 %), meaning that Cu was forming other compounds.

CuSO4-5H,0 (,— CuSO4H,0, +4H,0 (,;  (108°C)

® Eq. 3.7
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CuSO4H,0 (;— CuSO, y+ H,0 (290 °C)

©® Eq. 3.8

CuSO,— CuOg) + 05, (446 °C) Eq. 3.9

The thermal event at 415 °C probably corresponds to thermal oxidation of CuS to Cu.S, according
to reaction 3.10 (Dunn and Muzenda, 2001; Foldvari, 2011). However, it was not possible to
calculate the CuS concentration in the sample due to SO, liberated in this event detected together
with the SO, generated in the CuSO, decomposition. Moreover, the loss mass was not significant

(see curve TG, Fig 3.6).

2CuS(+ Oz(gy— CusS() + S0y, Eq. 3.10

The decomposition of iron (II) sulphate (FeSO4) occurred at 563°C (Foldvari, 2011; Siriwardane et
al., 1999). According to the amount of mass lost, it was calculated that the sample contained around
3 % of this compound. This result confirms that the Fe concentration obtained in the XRF analysis

(around 1 %) is in line with the content of FeSOj4 in the sample.

FeS0,— FeO,) + 805, Eq. 3.11

The mass loss at 660 °C corresponds to the decomposition of ZnSQO4, according to reaction 3.12
(Kolta and Askar, 1975; Mu and Perlmutter, 1981; Siriwardane et al., 1999). Considering the mass
loss, it is estimated that the sample had about 5 % ZnSOs. This datum is in line with the percentage
of Zn found in the XRF analysis (around 2 %).

ZnS0y4y— ZnOg) + SOy, Eq.3.12

The mass loss produced at 782 °C is associated with the thermal decomposition of anglesite (PbSOj),
according to reaction 3.6 (Ali and Sajadi, 2011; Kolta and Askar, 1975). The percent mass loss, about
8 %, suggests that the sample contained 30 % anglesite. This result is in line with those obtained in

the XRD and XRF analyses.
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Figure 3.6. TG-DTG-DTA curve and gases detected in the SC.

Scanning electron microscopy

The SEM and EDS analyses of SC determined that sample was composed of agglomerates of very
fine particles with the inclusion of spherical particles with size between 20—50 pm (see, Fig. 3.7), in
agreement with the granulometry results. These spherical particles (point 1, Fig. 3.7) had a high
concentration of Cu and S (around 74 % and 23 %, respectively) according to the EDS spectra. Their
composition and morphology suggest that these particles are similar to chalcocite in composition
(CuzS). This chemical species was not detected in the thermal analysis since the decomposition of

CusS occurs at a higher temperature (> 1100 °C). Moreover, the presence of these particles and the
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CusS, detected in the thermal analysis, confirm that Cu was found as sulphides and sulphates in this
sludge (Balladares et al., 2014; Gonzalez et al., 2017). According to the results obtained in the TGA
analysis, and considering the Cu concentration, it is estimated that the SC contained about 4 % of
this compound. Moreover, it was proved that bright particles (point 2, Fig. 3.7) were composed by
Pb, S and O in the same proportion that to the one found in lead sulphates (anglesite). This mineral
phase was also identified in the XRD and TGA analyses. This mineral showed several crystalline
habits; in this case, it can be observed that a small crystal with a laminar texture is involved. The
composition of the grey areas (area 3, Fig. 3.7) was analogous to the general composition determined
by the EDS and XRF analyses (table, Fig. 3.7), thus that it can be asserted that the matrix was

composed of fine particle aggregates.
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Figure 3.7. Scanning electron micrograph of SC particles and general composition determined by EDS.

The distribution of principal elements (Pb, Bi, As, Cu, S, Zn, Sn and Fe) present in the sample is
shown in Fig. S3.3, Annex 1.1, which includes a secondary electron image and X-ray mapping of a
SC region. As can be observed, Pb, Bi, As, S, and Sn are uniformly distributed in the sample.
Moreover, this image confirms the presence of As and Bi in the amorphous phase, which was not
detected in the XRD or SEM analyses. Both elements could be present as oxide (Balladares et al.,
2014; Chen et al., 2012; Morales et al., 2010)
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The mapping reveals regions with a high content of sulphur and copper, which corresponds to the
spherical particles previously identified as Cu,S in the SEM analysis. Moreover, there were sections
in which sulphur and zinc coincided, confirming the presence of ZnSQOs, previously found in the
results of the TGA analysis. Likewise, there were also areas where iron and sulphur were coincident,

confirming the presence of FeSO4, which was also identified in the TGA analysis.

Leaching

The SC sample leached a concentration (Csc) of As, Cd, Cu, Pb, Sb and Zn above the limit established
for its landfill disposal as a non-hazardous material (Table 3.1). This matrix leached 85 % Zn, 29 %
Cd, 21 % S and 16 % Cu, whereas the amount of Sb and Pb leached were below 1 % and 0.01 %,
respectively. This waste tends to produce leachates with a high content of pollutants, consequently
the residue must be stabilized prior to its disposal by landfill or its new application, suggesting the

study of alternative treatments to develop health, environmental and economic benefits.

3.1.3.2 Discussion

These wastes (SS and SC) presented particles size with a median (dso) around 10 pum, which can be
highly beneficial in the manufacturing of construction materials (Al-Jabri et al., 2011; Murari et al.,
2014; Zhao et al., 2014)and can also favour the recovery of some metals during the hydrometallurgy
route due to the high reactivity of the fine particles in view of their greater specific area (Khalid et

al., 2019b; Wang et al., 2005).

The elemental composition confirms that both residues are different even though both contain Pb as
one of their major elements. The high Pb concentration is due to the fact that around 50 % of Pb,
which is present in copper ore concentrate, is volatilized during the FF and CF processes (Schlesinger
et al., 2011; Wang et al., 2017). Anglesite (PbSQs) is the dominant mineral phase present in both
wastes (see, Fig. S3.1 Annex I), at 27 % and 33 % for SS and SC, respectively, in agreement with
the high contents of lead in these samples. The SEM images (see, Fig. 5 and 7) reveal that the size
particle of PbSOs (anglesite) is different, which is probably associated with different formation
mechanisms. The size of PbSO4 particles in SS is larger than in SC. The small lead sulphate particles
are apparently formed throughout the fast cooling from CF off-gases. On the other hand, the large
particles are probably formed when the remaining particles of PbO from off-gases of FF and CF react

with sulphuric acid diluted in the scrubber section.

The main difference between the two wastes is the high content of metallic selenium (around 35 %
Se) in SS, which probably comes from CF gases, since around 25 % of Se is volatilized in CF,

whereas 5 % is volatilized in FF (Montenegro et al., 2013; Schlesinger et al., 2011).
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Both wastes contain high concentrations of XRD-amorphous phase, approximately 40 % in SS and
68 % in SC. Some compounds present in the XRD-amorphous phase of SS and SC were identified
by thermogravimetric and SEM-EDS analysis. SC contains copper, iron, lead and zinc sulphates
(CuS045H,0, FeSO4, and ZnSO4) formed from the oxides during the cooling and cleaning steps of
the gas. Copper sulphurs (CuS and Cu,S), were also found, probably coming from droplets of matte
carried in the off-gas that solidified unreacted during cooling gas. The high Cu concentration in SC
samples demonstrates that 80 % of the Cu present in the converter dusts is recovered by the hydro-
cyclones. In addition, the amorphous material of SS is composed of mercury and tin sulphates
(Hg2S04, HgSO4 and Sn(SO4)2), which probably is produced the reaction of both Sn and Hg oxides
with diluted sulphuric acid in the scrubber section. Finally, the fine particles of CuS found in SEM-
EDS analysis have the same origin as mentioned above. The SiO, was also found in the SS sample,

which likely comes from small particles of unreacted flux.

Another difference between these two residues is the concentration of impurities such as As, Bi, Cd,
Sb and Zn. The low concentration of impurities such as As, Bi and Sb in SS was found due to the
most of them are removed in the electrostatic filters before the gases are sent to the scrubbing section.
On the other hand, SC has a high content of As, Bi, Cd, Sb and Zn, since this residue is formed by
fine particles coming from converters dust, since it contains the major impurities levels. The SC
sample contains a high concentration of As and Bi (around 10 %), however, no compound these
elements were found neither by XRD, SEM or thermal analysis. Considering the consulted literature,
these elements could be as oxides (As>O; and Bi»O3) (Chen et al., 2012; Lucheva et al., 2017,
Montenegro et al., 2013; Okanigbe et al., 2017; Schlesinger et al., 2011). Furthermore, the SS sample
present around 2 % Ge which could be as GeO and/or GeS, (Font et al., 2011), but these compounds

were also not detected by the previous characterization techniques.

A summary of the physicochemical characterization performed in both wastes (SS and SC) is shown

in Table 3.2.
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Table 3.2 Summary of the components found in the SS and SC samples and the granulometry analysis. N.I=

Not Identified.
SS SC
clay silt sand clay silt sand
Granulometry 1 87 2 34 62 4
Element (%) Compound Mineral  Element (%) Compound Mineral
As 0.16 N.I N.I 8.5 N.I N.I
Bi 0.21 N.I N.I 14 N.I N.I
CuS04:5H,0 (6 %)
Cu 0.30 CuS (0.5 %) NI 7.0 CuS* NI
. . . . CwS .
(4 %)
FeSO,4
Fe 0.07 N.I N.I 1.0 (3 %) N.I
Hg»SO4
(5%)
Hg 8.0 HgSOs N.I <0.01 N.I N.I
(7%)
PbSO, PbSO4
Pb 21 N.I 27 %) 38 N.I (32 %)
Se 35 N.I Se (34 %) 0.03 N.I N.I
. Si0O,
Si 0.13 0.2 %) N.I 0.42 N.I N.I
Sn 3.5 Sn(S04)2 (9%) N.I 1.3 N.I N.I
Zn 0.05 N.I N.I 1.7 ZnS04 (5 %) N.I

*No possible to calculate the CuS concentration in SS due to SO: liberated in this event is detected together with
the SO; generated in the CuSO4 decomposition.

The content of valuable metals in both wastes (SC and SS) along with the increasing cost of waste
disposal on controlled landfill, increasingly restrictive legislation and their potential risk to human
health and the environment, suggest that efforts should be focused on valorising these wastes. Taking
into account the physical, chemical and mineralogy characterization and the consulted bibliographic,
these residues could be an important secondary source of Se and Pb (Hait et al., 2009; Kilic et al.,
2013; Montenegro et al., 2013; Morales et al., 2010; Wang et al., 2016; Xing et al., 2018). The
recovery of these as metals with 99.99 % purity is proposed, in order to make higher profits and thus

contributing to the circular economy of these elements in the copper production process.

3.1.3.3  Proposal for their valorisation

Currently, there are not any companies which use these kinds of wastes as a secondary source of Se
and Pb. Copper anode slime is the main source of selenium since there are no mineral reserves. There
are several processes that nowadays are being applied at copper refineries whose advantages and
disadvantages are summarised in Table S3.2, Annex 1.1 (Hait et al., 2009; Hoffmann, 1989;
Hoffmann and King, 2000; Kilic et al., 2013; Wang et al., 2016; Xiao et al., 2019). On the other

hand, Pb is usually extracted together with Zn from the dust generated in an electric furnace, which
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is one of the main secondary sources of Pb (Lin et al., 2017; Mocellin et al., 2017; Pérez-Moreno,

2018; Rusen et al., 2008; Shen and Forssberg, 2003).

The metal global demand will increase in the next decades, including Pb and Se, due to using wind,
solar, and energy storage batteries and new technologies (Ohrlund, 2012; The World Bank, 2017).
Nowadays, selenium is marketed as selenium metal, with different refined grades, or selenium
dioxide. The metal Se price is around 4.4-10* $/t (U.S. Geological Survey, 2019), being above the
copper (6.2:10° $/t). The Pb is consumed as lead metal with a price around 1.9-10° $/t, depending of
refined grade (LME: London Metal Exchange, 2019; U.S. Geological Survey, 2019). Therefore, the
recovery of Se and Pb involves an associated value, which can contribute considerably to the

economic viability of the activity which will mainly depend on manufacturing cost.

There are different routes for the metal recovery, as such pyrometallurgy, hydrometallurgy or a
combination of both. The recovery path will depend on many factors, such as the physical, chemical,
and mineralogical characteristics of wastes, their quantity generated (40 t/y of SS and 430 t/y of SC),
the production costs and potential environmental impacts. In the present study, it has been proposed
to apply the pyro-hydrometallurgical route for recovery Se and Pb, based on the chemical
composition and physicochemical properties of the wastes, which could satisfy the requirements of
smelting for the suitable use of these residues as a secondary source in the appropriate environmental

conditions.

The process would begin with the recovery of selenium from SS using a roasting process (Hait et al.,
2009; Hoffmann, 1989; Hoffmann and King, 2000; Svens, 1985), being separated due to the
existence of different boiling points in relation to the other components of the waste, as was verified
by the TGA analysis. The process involves the roasting of SS at 700 °C and then, a cooling process
in two steps. In the first cooling step, the mercury species would be removed from the off-gases using
a condenser (Lee et al., 2017), in which the gases are cooled down to around 300 °C (below to
evaporation point of Hg), obtaining a solid residue from the process. In the second step, the metallic
Se is recovered at a lower temperature; lower to Se melting point, 221 °C, as indicated in DTA curve.

The flowchart proposed for the valorisation of these wastes is shown in Fig 3.8.

The process would continue with the blending of the calcined Pb-rich residue with SC to recover
lead by hydrometallurgical route (Gonzalez et al., 2017; Orhan, 2005; Rusen et al., 2008; Xing et al.,
2018). The stages would begin with Pb extraction using a sodium hydroxide solution (NaOH), since
sulphate lead is dissolved easily and selectively in that leaching media (BdDanoiu et al., 2014; Sahin
and Erdem, 2015). Then, the obtained solution would be separate from the solid residue, which would

be mainly compose of Cu, As, Bi, and other elements, for instance, Ge. Afterwards, it is proposed
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the recovery of metallic Pb from the solution through a cementation process, by adding Zn powder,
and the final solution could be recycled to the leaching process. This practice is widely used in
another industrial hydrometallurgy processes (Angelov and Groudev, 2002; Gouvea and Morais,

2007; Sahin and Erdem, 2015).

Currently, the generation of these two wastes imply the management of a total of 450 t/y of hazardous
material. The proposed process could produce about 13.6 t/y of metallic Se and around 171 t/y of
metallic Pb with high purity, minimizing one half the amount of these wastes. This fact would reduce
the management waste costs and, in addition, could result in a significant revenue gain, as a result of
the sale of these metals that it could reach more than 9.0-10° $/y. This proposal could be feasible,
however, provided it is thoroughly studied and quantified, with the aim of evaluating their technical,

environmental, and economic viability.

S — ROASTING CONDENSER 1 CONSENSER II
Calcined residue: Mercurl( residue ;1;
High Pb content ’
NaOH Zn powder
solution J |
s | BLENDING LEACHING SL CEMENTATION SL
Residue:

. i Pb cement
As, Bi, Cu and Ge

Figure 3.8. Flowchart of the SS and SC treatment proposed.

3.1.4 Conclusions

The present work is focused on finding and designing the most appropriate application and treatment
for the valorisation of two wastes coming from the gas cleaning system of the smelting and
converting furnaces belonging to a pyrometallurgical plant. For that, a deep physicochemical

characterization of them was previously carried out. From this study, it is concluded that:

a. Both wastes are mainly composed of fine particles (< 10 pm), which is highly beneficial in
the proposed hydrometallurgy process.

b. SS and SC wastes have a high Pb content, around 21 % and 38 %, respectively, which is
mainly present as anglesite (PbSOs).
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SS also contains a high Se concentration (~ 34 %) as metallic selenium, and, in addition, this
sludge presents high levels of Hg (~ 8 %) and Sn (~ 4 %) as sulphates (Hg>SO4, HgSO4 and
Sn(SO4),, respectively).

SC contains Cu (~ 7 %), which is found as CuS, Cu,S and CuSO45H,0. Moreover, SC
presents a high content of As and Bi (~ 10 %), but no compounds of these elements were
identified.

Both wastes are considered hazardous materials, since they can produce leachates with high
concentrations of metals (As, Cd, Cu, S and Zn).

According to the consulted literature, and composition and physicochemical properties
found for these wastes, the SS could be an important secondary source of selenium, while
both sludges could be used as a significant secondary source of lead. Se-Pb recovery can
have remarkable economic and environmental benefits in contrast to their disposal in landfill.
The proposal for Se-Pb recovery consist in Se extraction from SS by using a roasting process,
and then the calcined Pb-rich residue is blended with SC to recover Pb by hydrometallurgical
route. The roasting process proposal could be an attractive option for Se recovery since
roasting processes are widely used in primary copper refineries. On the other hand, Pb
recovery by hydrometallurgy route would be the best option, considering that is one of the
best alternative technology environmentally friendly.

In this sense, more researches are needed in order to evaluate the proposes alternative process

to reuse these residues as a secondary source of Se and Pb.
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3.2 ARSENIC REMOVAL PROCEDURE FOR THE ELECTROLYTE FROM A HYDRO-

PYROMETALLURGICAL COMPLEX

D.C. Paz-Gomez, S.M. Pérez-Moreno, M.J. Gdzquez, J.L. Guerrero, 1. Ruiz-Oria, G. Rios, J.P.

Bolivar.
Chemosphere 281 (2021) 130651
Abstract

Commercial copper (Cu) is obtained by a hydro-pyrometallurgical process, where the Cu anodes
obtained in the furnaces (Cu > 99.5%) are enriched up to 99.99 % in “cathodes” by electrorefining
at an electrolysis plant. During this process, some impurities accumulate in the electrolyte, mainly
arsenic (As), which decrease the quality of the Cu cathode. For this reason, the electrolyte is sent to
an electrolyte cleaning plant (ECP) for its purification. Electrolyte sludge (ES) is produced in the last
stage of purification and is recirculated back to the furnace due to the high Cu content. This
recirculation involves a severe problem of As accumulation in the industrial process. The objective
of this work was to develop a procedure to fully dissolve the ES, removing the As and recovering its
Cu content. The ES dissolution process was optimised (dissolution efficiency > 99%) in H>SO4 (1.4
M)/HNO3 (1.8 M) medium using a 1:20 g mL™" solid-to-liquid ratio. As was removed from the ES
solution by its precipitation as iron (IIl) arsenate, with high efficiency (more than 70%). After As

removal, the Cu can be precipitated as copper sulphate, which is used in several applications.

Graphical abstract
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3.2.1 Introduction

The demand for copper (Cu) minerals has increased quickly over the last 50 years, and it is expected
to keep growing due to the essential role of Cu in modern technologies. Worldwide refined Cu
production reached 24 Mt in 2019, and it involves a large amount of waste and wastewater generation
(ICSG: International Copper Study Group, 2020). In recent decades, the manufacturing industry has
tried to develop policies to reduce the environmental impact and to achieve sustained economic
growth, following the current strategic lines aimed at ensuring the implementation and development
ofthe "Circular Economy" through the efficient use of raw materials and residues. Therefore, policies
on waste management must be directed apply the hierarchy established by normative: prevention,
reduction, reuse, and recycle. A proper waste valorisation represents an excellent management
alternative producing economic and environmental benefits. For this, industries have introduced
effective resource management consisting of recycling, reusing, and valorisation of these ones,
reducing the production cost and decreasing risks for the environment and human health (Khan et

al., 2021, 2020; Liao et al., 2019).

Atlantic Copper S.L.U, located in Huelva (Spain), is one of the biggest manufacturers of ultrapure
Cu cathodes (> 99.99% Cu) in Europe, producing more than 3-10° t y! (Atlantic Copper, 2017).
During Cu electrorefining, the concentrations of the raw material impurities, such as As, Sb, Bi, Ni,
etc., gradually increase in the electrolyte, which negatively affects the quality of the Cu cathode;
therefore, the impurities must be removed. For this, a fraction of the electrolyte is continuously sent
to an electrolyte cleaning plant (ECP) to reduce the level of impurities, especially As, and to recover

a significant fraction of the Cu that is not electrodeposited in the cathode (“decopperising”).

The electrolyte cleaning process involves three stages by electrowinning in liberator cells (Artzer et
al., 2018; Wesstrom and Araujo, 2012). Firstly, the Cu concentration is reduced from 45 g L™! to 25
g L', providing a B-grade Cu cathode (> 99.97% Cu), which is commercialised. Secondly, the Cu
concentration is further reduced to around 10 g L". Finally, in the third step, the remaining Cu, and
most of the As, is removed from the solution in the electrolyte sludge (ES). In the Huelva factory,
about 1300 t of ES are produced annually. The final treated electrolyte is returned to the electrolyte

tank for reuse.

Currently, the ES is sent to a flash smelting furnace (FSF) to recover its Cu content (= 60%), but this
causes the accumulation of As during the industrial process, generating problems during liquid
effluent treatment. Fig. 3.9 shows the procedure developed in this work for As-free Cu recovery,
which consists of dissolving the ES by acid digestion, and then the As removal from the obtained

dissolution (ES wastewater) by precipitation with iron as ferric arsenate. Finally, the As-free solution
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may be used in two different ways: Cu is recovered as copper (II) sulphate pentahydrate
(CuS04'5H;0) and returned to the industrial process or it is valorised in commercial applications,
such as agriculture. On the other hand, the resulting industrial wastewater stream, with low pollutant
content, can be sent to an effluent treatment plant (ETP) for final treatment before it is released into
the environment. The novelty of the proposed procedure is the combination of different chemical
processes (digestion, precipitation, and crystallisation) applied to the ES to achieve As removal and
Cu recovery. Currently, this waste is a recirculating waste of the Cu metallurgy process, of which no

treatment is known for the separation of both elements.

Anodes
(99.6% Cu)

Cathodes

ELECTROREFINING —» (> 99.999% Cu)

Electrolvte purge

B-grade cathodes

ELECTROLYTE P (>99.97% Cu)
CLEANING PLANT »  Scrap anode
I
ES
\
H.80, — DIGESTION l—— Oxidising agent

LS wastewater

Iron sourcc —=  PRECIPITATION  —® Ferric arsenale

ES wastewater (arsenic free)

CRYSTALLISATION —— CuSO45H;0

Industrial wastewater
(low pollutant content)

Figure 3.9. Flowchart of the electrolyte sludge (ES) and the proposed treatment.

There have been no previous studies describing As removal from ES. Most research has been focused
on other co-products, such as slag, dust, or anode slime (Demopoulos, 2014; Min et al., 2015;
Schwartz et al., 2017). In addition, there have been some investigations of As removal from waters
for human consumption and/or industrial wastewater (Jain and Singh, 2012; Litter et al., 2010), and

the methods used to reduce the As concentration in the solutions were precipitation, adsorption (Cao
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et al., 2021; Chen et al., 2015; Hao et al., 2018), the use of ion exchange resins (Balaji et al., 2005;
Lenoble et al., 2004), and the use of newly developed methods, such as electrocoagulation or
membrane treatment (Nidheesh and Singh, 2017; Song et al., 2017; Zouboulis and Katsoyiannis,
2018). Nevertheless, the United States Environmental Protection Agency (EPA) designated As
removal by co-precipitation with ferric ions in a liquid effluent as “the best demonstrated available
technology (BDAT)” for As disposal (Rosengrant and Fargo, 1990). For that reason, this method has
been the most researched in the last decades (Demopoulos, 2014; Fujita et al., 2008b; Le Berre et al.,
2007; Schwartz et al., 2017; Zhang et al., 2019). The precipitation reaction can be expressed as the

following:

4H3ASO4(aq) + 4FCSO4(aq)+ Oz(g)+ 6H20 (aq)(_) 4FCASO4'2H20(S) + 4H2804 (aq) Eq_ 313

Considering the above facts, the central objective of this study was to remove the As from the
dissolution of ES coming from the ECP, generating a final solution more suitable for recovering the
dissolved copper sulphate. Firstly, ES dissolution tests were carried out. Then, the removal of As by
precipitation with Fe was studied. The final solutions were analysed using various analytical
techniques to determine the precipitation efficiency (PE) of the main elements, especially As and Cu,

and the physical-chemical characteristics of the formed solids were studied.

3.2.2 Materials and methods

3.2.2.1 Materials

The ES employed in this research was collected from Atlantic Copper S.L.U in 2017. Six sampling
campaigns were organised (one per week) with the aim of analysing the possible temporal variability

in the characteristics of the ES. After collection, the samples were dried at 60 °C to constant weight.

All iron reagents [FeCls, Fex(SO4)3-7H,0, FeSO4-7H,0], arsenic reagent [As>Os-3H>O] and alkaline
agents [Ca(OH), and Mg(OH):] employed in this work were of analytical grade (purity > 95 %) and
from Merck Company. The concentrations of the acids used were the following: 96 % H>SO4 and 65

% HNO:s. In addition, the oxygen used had a purity of > 99.5 %.

3.2.2.2  Experiments

3.2.2.2.1 Dissolution of the electrolyte sludge (ES)

The dissolution of the ES was performed in acid medium by using sulphuric acid (H.SO4). The

influence of temperature, the solid-to-liquid ratio, and the type of oxidising agents (air, oxygen and
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HNO:;) were studied. Firstly, the dissolution of ES was done applying a mixture of sulphuric acid
(H2S0Os) and nitric acid (HNOs3) solution, in which the solid-to-liquid ratio, molar concentration,
temperature and reaction time, were changed and then the influence of using other oxidising agents

(air and oxygen) was investigated.

The ES dissolution experiments with H,SO4 and HNO; were carried out in an uncovered reaction
vessel with a volume of 1 L (see Fig. S3.4a). These experiments simulated different conditions: 1)
solid-to-liquid ratios of 1:10 and 1:20 g mL™" were used; 2) the H,SO4 and HNOj; concentrations used
ranged from 0.9 to 2.7 M and from 1.0 to 1.8 M, respectively; 3) the temperature and reaction time
were 24, 50, and 80 °C and 12 and 2.5 h, respectively. A summary of these experiments is shown in
Table S3.3 of the supplementary material (Annex 1.2), to note that the experiments with a solid-to-
liquid ratio of 1:10 g mL™" were not included in this table because the results obtained were not
relevant. The solution was continuously agitated with a magnetic stirrer (500 rpm). Finally, the
experimental solution was filtered to separate the obtained phases. The solid was rinsed with water

and dried until a constant weight was obtained.

The experiments with air or O, were carried out in a 1 L reaction vessel (1 L beaker) covered with a
lid with holes through which a thermocouple and air/O, channels were introduced (2 L min™' and 8
L min!, respectively) (see Fig. S3.4b, Annex 1.2). In the experiment with air, different concentrations
(2, 4, 6, and 10 M) of a H,SO4 solution were used (see Table S3.3). When O, was used, the
experiment was performed with a 2 M H>SOj4 solution. In both experiments, the solution was heated
to 80 °C and continuously agitated with a magnetic stirrer at 500 rpm. Finally, the solution was
filtered to separate the solid from the liquid phase. The solid phase was rinsed with water and dried

at 60 °C to constant weight.

The tests were codified as “X-Y-Z-W-R”, where “X” is the oxidising agent used to dissolve the
sludge (N is nitric acid, O is oxygen, and A is air), “Y” represents the concentration of HNO3 (M) or
the gas flow of air or oxygen (in L min™), “Z” is the concentration of H,SOs used, “W” is the time
(h) and temperature (°C) of the experiment (where A is 12 h and 24 °C, B is 2.5 h and 50 °C, and C
is 2.5 h and 80 °C), and “R” indicates if the sample was a replica. For example, N-1.6-1.8-A is a
sample with HNO; as the oxidising agent (1.6 M) and the use of 1.8 M of H,SO4, with an
experimental time of 12 h at 24 °C, and A-2-4-C-R is a sample using air as the oxidising agent (2 L
min~' ) and 4 M of H>SOs, with an experimental time of 2.5 h at 80 °C, and it is a replicated sample.
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3.2.2.2.2 .Arsenic removal

To study the elimination of As, two solutions were used for the experiments. One solution, named
the artificial solution, contained 10 g L™! of the As prepared in the laboratory using arsenic (V) oxide
hydrate (As>Os-3H,0), and the second solution was obtained by fully dissolving the ES. In Table
S3.4 of the supplementary material (Annex 1.2), a summary of the experimental conditions for As

removal is shown.

The experiments for As precipitation were carried out in three stages by gradually increasing the pH
since protons are released during the formation of FeAsO42H>0, which then decreases the pH and
inhibits scorodite formation (see Eq. 3.13).The precipitation of FeAsO4+2H>O occurs at a pH of
between 1.5 and 3.0, according to the literature consulted.(Droppert et al., 1996; Fujita et al., 2009a).
In stage I, the Fe source was added, and the reaction proceeded for 3 h. The As precipitation reaction
reaches equilibrium at a final pH that is lower than the initial pH. To favour the precipitation of As,
the equilibrium (Eq. 3.13) should be moved to the right by decreasing the acidity (stage II). This is
achieved by adding an alkaline agent up to a pH around 2.5, reaching newly the equilibrium (pH =
1.5) after around 3 h. Then, the pH is increased to around 3 by another alkali addition (stage III),

reaching a final pH of around 2 after equilibrium.
Arsenic removal using an artificial solution

Experiments with artificial solution focused on looking for the most suitable method for the synthesis
of FeAsO42H,0. In experiment E1-A, As removal with two compounds as Fe** sources [FeCl; and
Fex(S04)3-7H,0] and a As/Fe molar ratio of 1.5 without pH adjustment was carried out. The As
precipitation experiments were done under continuous stirring (400 rpm) at 85 °C for 6 h. In
experiment E1-B, FeSO4-7H>0O was employed as the Fe?" source. In this experiment, air was injected
at a rate of 1-2 L min! to oxidise the Fe?" into Fe*" under similar experimental conditions as

experiment E1-A.

In experiments E2 and E3, the precipitation was performed through three stages of pH adjustment
using Ca(OH), or Mg(OH), , respectively. Ferrous sulphate was used in both experiments as the Fe
source, with air used as the oxidising agent. The experimental conditions were the same as those used
in experiment E1-B, except the reaction time that in E2 and E3 was 3 h for each stage. In stage I, pH
adjustment was not necessary because the solution pH was around 1.5, but in stages II and III, the
pH was adjusted to around 2 and 2.5, respectively. These experimental conditions are summarised in

Table S3.4 of the supplementary material, Annex [.2. The equipment used in the As removal
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experiments consisted of an air pump, a flowmeter, a mechanical stirrer, a heating plate with

temperature control, a beaker with a lid used as the reaction vessel, and a thermal jacket.

Arsenic removal from the ES solution

Experiments E4 and E5 for As removal were carried out in three stages of pH adjustment using
Ca(OH), and Mg(OH); as alkali reagents, respectively, following the same methodology of previous
experiments (E2 and E3) (see Table S3.4). However, in both experiments, an initial stage was
performed in which the pH was increased from an initial value of less than 0.5 (pH of the ES solution)

to 1.5 to achieve the ferric arsenate precipitation (Droppert et al., 1996; Fujita et al., 2009a).

3.2.2.2.3 Analytical techniques of characterisation

The solids obtained from both ES dissolution and As removal experiments were subjected to different
analytical techniques for their physicochemical characterisation. 1) X-ray fluorescence (XRF)
(Panalytical sequential spectrometer, AXIOS model) was used to determine the major elements. 2)
X-ray diffraction (XRD) with a Panalytical X’Pert Pro diffractometer and X'Pert HighScore Plus
software was used to identify the mineral phases. 3) Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were used to study the thermal behaviour of the samples
using a METTLER-TOLEDO TG/DSC2 thermobalance coupled to an inductively coupled plasma
mass spectrometer (ICP-MS) (NETZSCH QMS-403 Aé&olos Quadro) to determine the composition
of the residual gases. 4) Scanning electron microscopy (SEM) (QUANTA-Fei 200) equipped with
an energy dispersive spectrometer (EDS) was employed to study the morphology and microstructure
of the solids. 5) The trace elements were analysed by ICP-MS (Perkin Elmer Sciex ELAN 9000) and
inductively coupled plasma optical emission spectroscopy (ICP-OES) (Varian 735-ES) in the
Activation Laboratories (Actlabs) from Canada, accredited in the norm ISO/IEC 17025:2017.

To ensure the repeatability of the experiments, two replicates of each were performed. When
required, quality control (QC) of the analytical techniques was performed by measuring several

certified reference materials (CRMs), duplicates, and blanks.

3.2.3 Results and discussion

3.2.3.1 ES dissolution

The ES sample used in the experiments contained a high Cu concentration (54 £1 %), but it also had
As (10 £ 1 %) and S (7 £ 1%) in minor proportions. Copper was present mainly as Cu metal (Cu)

and cuprite (Cu.0). In addition, another significant Cu fraction was associated with As, forming
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domeykite (CusAs). The S content was also associated with Cu as poitevinite (CuSO4-H>0), see Fig.

3.10. Other elements, such as Bi, Fe, Ni, Pb, Sb, and Zn, were found at concentrations below 1 %.

ES

XRD-amorphous Domeykite (Cu;As)
ATt 27%

Poitevinite
(CuSO,2H,0)
5%

Cuprite (Cu,0)
22%

Copper metal (Cu)
19%

Figure 3.10. Mineral phases of the ES.

The dissolution percentage of the components present in the ES, focusing on Cu and As, was studied
through several experiments described in the materials and methods section. The results are presented
in Fig. 3.11. In addition, the chemical composition of the obtained solution can be seen in Fig. S3.5

of supplementary material, Annex 1.2.

Similar results were obtained in the starting batch experiments and their replicates; therefore, only
one of them are shown in Fig. 3.11a. The ES was not completely dissolved when air or O, was used
(A-2-2-C and O-8-2-C, respectively). The dissolution efficiency, in mass, of the whole ES sample in
these experiments was 32 % and 65 %, respectively, when 2 M H,SO4 was used. By using air, the
Cu and As dissolved fractions were about 30 % and 5 %, respectively, while about 75 % of Cu and
33 % of As was reached with oxygen. The dissolution efficiency for the rest of the elements depends
on the chemical solubility of each metal. For example, about 60 % of Ni was dissolved in both
experiments. To point out that S was fully dissolved in the three experiments (see Fig. 3.11a), and

this can be explained by considering that S is in the ES as poitevinite (CuSO4-H>0), see Fig. 3.11b.

On the contrary, the ES was fully dissolved in a solution of 1.4 M H»,SO4 and 1.8 M HNOs for 2.5 h
at 50 °C (N-1.8-1.4-B) (see Table S3.3 of the supplementary material), achieving a dissolution
efficiency of the ES of around 99.95 %. Fig. 3.11a shows that the dissolution efficiency of almost all
major elements was about 100 %, while the dissolution efficiency of Ni was around 80 %. Therefore,

this dissolution method was employed to obtain the ES solution used in the As removal experiments.
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The ES solution obtained in experiment N-1.8-1.4-B was mainly composed of S (= 46 g L"), Cu (=
36 g L"), and As (= 5.2 g L"). Furthermore, the solutions presented concentrations of Bi, Sb, Ni,
and P (100-250 ppm) and Fe, Pb, Te, and Zn (< 20 ppm) as trace elements (see Fig. S3.5 of the

supplementary material).

To analyse the relationship between the elements with higher concentrations and the undissolved
minerals from the ES, the mineralogy of the ES and the obtained final solids after acid attack was
determined by XRD. In Fig. 3.11c, the proportion of undissolved mineral phases for A-2-2-C and O-
8-2-C is shown. In experiment A-2-2-C, the dissolution of cuprite, copper metal, and domeykite was
around 23 %, 63 %, and less than 1%, respectively, whereas in O-8-2-C, more than 90 % of Cu,O
and Cu and around 80 % of CuzAs were dissolved. In both experiments, CuSO4-H,O was completely

dissolved.
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Figure 3.11. Dissolution efficiency (%) of the major elements contained in the ES matrix by using different
dissolution methods. (a). Fraction of dissolved mineral (%) in the experiments (b). Mineral phases presented
in the undissolved ES (c).
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3.2.3.2 Time evolution of the experiments

The evolution of the experiments over time was evaluated by measuring the pH and oxidation—
reduction potentials (ORPs). Fig. 3.12a shows the evolution of pH versus time, while Fig. 3.12b
presents the correlation between pH and ORPs. In experiments E2 and E5, Ca(OH), was used as
neutralising to increase the pH, while Mg(OH). was added in experiments E3 and E4 (see Table S3.4,
Annex 1.2).

For experiments E3 and E4, the pH decreased in the first 60 min (stage I), and after that no significant
changes were observed (Fig. 3.12a). In stage 11, alkali was added until obtaining a pH of around 2.3,
and then the pH continuously decreased for 180 min. In stage III, the pH increased to around 2.9,
and from this time the same trend as in the previous stages was observed. As can be seen, the pH
changes are similar in both solutions when Mg(OH), was used as the basic agent (Fig. 3.12a) since

Mg(OH), does not interfere with the formation of ferric arsenate (solid).

On the other hand, experiments E2 and ES5, in which Ca(OH), was used to increase the pH, did not
show the same patterns as experiments E3 and E4 due to in E2 and E5 experiments, a secondary
reaction between Ca and SOs ions is produced forming calcium sulphate which precipitates
simultaneously with ferric arsenate (Demopoulos, 2014; Zhang et al., 2019). The possible differences
in the pH behaviour with time in experiments E2 and ES5 are due to the lower sulphate concentration
in the used artificial solution in E2. In stage I, pH slowly decreases until the end of the stage in E2,
while for ES pH decreases during 120 min, and then no significant change was observed (see Fig.
3.12a). For stage 11, the pH decreased faster in experiment ES than in experiment E2. In the last stage
of experiment ES5, the pH rapidly decreased in the first 120 min, and then no significant changes were
observed, while a continuous decrease was observed in experiment E2 (Dabekaussen et al., 2001;

Fujita et al., 2009b).

A good linear relationship between the ORP and pH was observed (Fig. 4b), as would be expected
considering the Nernst equation, which sets up the logarithmic relationships between the ORP and
H" concentration, suggesting a linear correlation between both parameters. This phenomenon was

observed during the experiments (Fig. 3.12b), where the ORP increased with decreasing pH value.
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Figure 3.12. (a) Changes in pH with reaction time and (b) changes in the oxidation—reduction potential (ORP)

with the pH of the solution.

In relation to the change in element concentrations, it is worth noting that Fe and As decreased

following the same tendency (Fig. S3.6, Annex 1.2), showing that these elements precipitate together.

Other major elements such as Cu, Ca, Mg, and S showed different behaviour in each experiment. On

the one hand, in experiments E2 and ES5, the S concentration decreased due to the addition of Ca(OH)

since Ca and S precipitate, forming calcium sulphate. On the other hand, in experiment E3, no

significant changes were observed in the S concentration, while the concentration of Mg increased,

indicating that it does not precipitate (see Fig. S3.6 of the supplementary material, Annex 1.2). In

experiment E4 (Fig. S3.6 Annex 1.2), the Cu, Mg, and S concentrations decreased with time,
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suggesting that these elements could co-precipitate. Besides in the experiment E5, the Cu content

decreased indicating this could also co-precipitate.

3.2.3.3  Precipitation efficiency (PE)

Fig. 3.13 shows the precipitation efficiency (PE), or the removing efficiency, of the major elements
contained in the ES solution as a function of time. It is important to note that this study was not
performed in the E1-B experiment (no pH adjustment), but the final As and Fe PEs were calculated,

finding that around 65 % of As and 35 % of Fe were removed from the solution.

In experiments E2 and ES5, where Ca(OH), was used as an alkaline agent, the PE of As and Fe
increased with time, removing up to 99.5 % of As and 91 % of Fe in experiment E2 (artificial
solution), while for experiment E5 (ES solution) the removal of As and Fe was lower, with around
70 % removal for both elements. This can be due to the high concentrations of Cu and SO, ions in
the solution, which probably interfere with and inhibit ferric arsenate formation (Fujita et al., 2008c;
Gomez et al., 2011a). The PE of Cu was around 50 % in experiment E5, confirming that the Cu co-
precipitates with As and Fe, which is a problem for the next Cu recovery stage. Furthermore, the PE
for Ca and S in both experiments was higher than 90 %, but it is important to note that in experiment
ES before the As removal stages, a pH adjustment was made to 1.5, where Ca and S precipitated as

CaS042H;0, resulting in a PE of greater than 80 % for both elements.

In experiments E3 and E4, where Mg(OH), was used as alkalinising agent, the PE of As and Fe
increased over time, similar to the observed trend in experiments E2 and ES5, precipitating more than
99.5 % of As and 91 % Fe in experiment E3 (artificial solution), while the PE of As and Fe in
experiment E4 (ES solution) was about 70 %. This behaviour is similar to the experiment with
Ca(OH)y; therefore, the decrease in PE of both elements is probably due to the high content of Cu
and SO4 ions, which could interfere with ferric arsenate formation (Fujita et al., 2008c; Gomez et al.,
2011a). In addition, the PE of S in experiments E3 and E4 was about 50 % in both cases, suggesting
the co-precipitation of sulphur with the solid FeAsOa.
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Figure 3.13. Precipitation efficiency (PE) (%) as a function of time for both types of experiments: E2—E3 for
the artificial solution and E4—ES for the ES solution.

3.2.3.4 Characterisation of the obtained precipitates

The physicochemical characteristics of the precipitated phases in the As removal experiments using
the artificial solution and different Fe*" sources [E1-A1l: FeCl; and E1-A2: Fex(SO4)3-7H,0] are
shown in Table S3.5 of the supplementary material (Annex 1.2). The solids obtained in these
experiments were mainly composed of = 35 % As and = 23 % Fe, which is similar to the composition

found in FeAsOs, but the diffraction patterns indicated that these solids were in the amorphous form.

However, scorodite (= 96% FeAsQO,-2H,0) was synthesised in experiment E1-B, according to the
XRD analysis (Fig. S3.7 of the supplementary material, Annex 1.2), where Fe?* was used. The
concentrations of the major elements of the obtained solid are presented in Table 3.3, showing a high
concentration of As (39.0 = 0.1 %) and Fe (24.0 £ 0.1 %), but also a minor proportion of S (< 0.05
%). In addition, the losses on ignition (around 14 %) agree with the theoretical mass loss (about 15.5
%) associated with the loss of the crystallisation water of FeAsO42H>O (Gomez et al., 2011b;

Gonzalez-Contreras et al., 2010; Le Berre et al., 2008). The scorodite was probably formed by arsenic
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precipitation with ferrous ions in the presence of oxygen, following Eq. 3.13 (Fujita et al., 2008b,

2008a; Min et al., 2015).

Furthermore, thermogravimetric analysis was performed to determine the thermal behaviour of the
formed scorodite. In Fig. S3.8 of the supplementary material, Annex 1.2, 2 thermal events were
observed at 220 °C and 960 °C. Water was detected in the first event due to the dehydration of
scorodite, following Eq. 3.14 (Gomez et al., 2011b; Gonzalez-Contreras et al., 2010; Le Berre et al.,
2007), while O, was detected in the second event, suggesting the decomposition of iron arsenate

anhydro (Cervando and Viraca, 2013; Cheng et al., 2019), according the chemical Eq. 3.15.

FeASO4‘2H20 (S)_) FCASO4(S) + 2H20(g) Eq. 3.14

2FeAsOy, © F6203(S) + As,03 ) + OZ(g) Eq. 3.15

According to the amount of mass lost (15.4 %) in the first event, the solid is composed of 99 %
FeAsO4-2H,0, corresponding to an As concentration of around 32 %, which is in line with the results
obtained from the XRF and XRD analysis. On the other hand, the mass loss in the second event could

not be determined because the event did not finish.

Finally, the SEM analysis showed that sample E1-B presents a homogeneous morphology formed
by particles mainly composed of As and Fe (point 1 of Fig. S3.9, supplementary material in Annex
1.2). Its composition (see table, Fig. S3.9) and its bipyramidal octahedral structure confirm that these

particles are scorodite, with a size of around 20 pm.

Table 3.3. Average concentrations (%) of the major elements of the formed precipitates in the As removal experiments. LOI=loss
on ignition; Detection limit (DL=0.01%). Standard uncertainty (1 o) was calculated as the standard deviation of the mean, o =
S,/ M)Y?, where n=3.

Exp. ID As Bi Ca Cu Fe (0] Pb S Sb LOI

El1-B 39.0+0.1 <DL <DL <DL 24.0+0.1 229+0.1 <DL 0.03+0.01 <DL 142+0.2
3§

S‘?E E2 20.8+ 1.1 <DL 11.0+0.6 <DL 150+1.0 32.0+1.0 <DL 10.0+ 1.0 <DL 10.8 1.1
< 2

E3 36.0+1.9 <DL <DL <DL 240+03 24.0+1.0 <DL 1.0+0.8 <DL 15.1+0.1

.§ E4 30.2+1.9 2.7+0.5 <DL 77+34 226+14 253+£0.1 0.16+0.03 2.15+0.01 1.23+0.7 7.8+1.2
Q5
S

“ E5 109+12 0.02+0.01 19.0+02 06=+02 103+0.1 388+0.1 <DL 154 £0.5 0.12+0.02 46+1.7
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The obtained precipitate of E2 contained As (20.8 + 1.1 %), Fe (15.0 + 1.0 %), Ca (11.0 £ 0.6 %),
and S (10.0 = 1.0 %) as major elements (Table 3.3), being gypsum (= 50 %, CaSO4+2H,0) and
scorodite (= 36 %) the main mineral phases presented (Fig. S3.7 of the supplementary material in
Annex 1.2). The presence of gypsum was expected when calcium hydroxide was used as a
neutralising agent due to the precipitation of calcium sulphate dihydrate as a secondary product
(Demopoulos, 2005; Droppert, 1996), according to Eq. 3.16. The experimental mass ratio (Ca/S =
1.10) was slightly lower than the theoretical value for gypsum (Ca/S = 1.25), according to the
consulted literature (Demopoulos, 2005; Dutrizac and Jambor, 2007; Gomez et al., 2011a), this could
be due to small incorporation of S (as SO4) in the structure of the scorodite as a result of SOs— AsO4
substitution, forming Fe(AsO4)ix (SOs)x'2H>0 (Demopoulos, 2005; Dutrizac and Jambor, 2007;
Gomez et al., 2011a; Singhania et al., 2005).

Ca(OH)z(S) + HZSO4(aq) - CaSO42H20(S) Eq. 3.16

On the other hand, the proportion of scorodite determined by XRD indicated lower content of As and
Fe than that provided by the XRF analysis. This suggests that part of the As and Fe of the sample
does not form crystalline scorodite, and therefore that part is associated with the amorphous XRD

phase (approximately ~ 14%) found in this sample.

In Fig. 3.14, it can be seen that the E2 sample presents a heterogeneous morphology formed by two
types of particles: large particles (point 1, Fig. 3.14) composed of Ca and S, whose tabular crystals
correspond to gypsum, and fines particles (point 2, Fig. 3.14) composed of As and Fe, whose
composition and bipyramidal octahedral structure suggest that is scorodite. These results confirm the
crystal phases identified by XRD analysis. In addition, the general composition of the E2 sample
obtained by EDS analysis showed that this solid is mainly composed of As, Ca, Fe, and S (see table,
Fig. 3.14), which is in line with the XRF analysis.

The E3 sample [pH adjustment with Mg(OH):] contained As (36.0 = 1.9 %) and Fe (24.0 = 0.3%) in
greater proportions, but it also contained less than 1 % of S, which is analogous to the composition
of the E1-B sample. In addition, scorodite (= 62 %) was the only mineral phase identified (see Fig.
S3.7, Annex 1.2), and this compound is consistent with the obtained loss on ignition (LOI = 15.1 %)
that is associated with loss of the crystallisation water of FeAsO4-2H,O (Gomez et al., 2011b;
Gonzalez-Contreras et al., 2010; Le Berre et al., 2008). However, the proportion of the mineral phase
did not correspond to the composition given by XRF, meaning that part of As and Fe was found in
the amorphous phase (= 38 %), which is significantly high compared to that obtained in the E1-B (=
4 %) and E2 (= 14 %) samples.
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Moreover, the SEM analysis showed that E3 solid samples presented a homogeneous morphology
formed by particles mainly composed of As and Fe (point 2 of Fig. S3.9, supplementary material in
Annex [.2). Its composition and bipyramidal octahedral structure confirm that these particles are
scorodite. The particle size was less than 10 pm, and aggregates were formed, in contrast to the

results obtained for E1-B, where the particle size was around 20 pm and aggregates were not formed.

The major elements of the solid formed in experiment E4 (ES solution) are shown in Table 3.3. The
E4 sample contained As (30.2 + 0.4 %) and Fe (22.6 £+ 1.4 %) as major elements and Cu (7.7 £ 3.4
%), Bi(2.7+0.5 %), S (2.15£0.01 %), and Sb (1.2 = 0.7 %) in minor proportions. The XRD analysis
is shown in Fig. S3.10 of the supplementary material (Annes 1.2), where it is observed that the solid
did not present mineral phases, being formed by poorly crystalline ferric arsenate or amorphous ferric
arsenate, similar to the obtained ones by other authors, such as ferric arsenate intermedium
[FeAsO4-(2+x)H,0O (0<x<1)] (Le Berre et al., 2008; Min et al., 2015), ferric arsenate sub-hydrate or
Phase 4 [FeAsO4-3/4H,0], and basic ferric arsenate sulphate or Phase 3 [Fe(AsO4)1-«(SO4)x(OH)(1-
x)H>0 (0<x<1)] (Dutrizac and Jambor, 2007; Gomez et al., 2011b; Swash and Monhemius, 1998).
The average experimental mass ratio of As/Fe was 1.33, which is similar to the theorical ratio of
scorodite (As/Fe = 1.34), within the experimental uncertainties (< 10 %). However, the loss on
ignition (7.8 + 1.2 %) was lower than the theoretical mass loss (about 15.5 %) associated with the

loss of the crystallisation water of FeAsO4-2H>0.

On the other hand, the thermogravimetry analysis (Fig. S3.11 of the supplementary material in Annex
1.2) was performed to identify the compounds obtained in E4 according to its thermal behaviour.
Four thermal events can be observed at 155 °C, 506 °C, 678 °C, and 940 °C. Water was only detected
in the first event due to the loss of crystallised water of some hydrated compound. The second and
third thermal events were due to the decomposition of sulphates, corroborated by the detection of
SO:; in the ICP-MS system. The thermal behaviour suggests that the compound obtained in E4 is
analogous to the ferric arsenate sulphate or Phase 3 found by other authors (Dutrizac and Jambor,
2007; Gomez et al., 2011b) in which the decomposition occurs in three steps: (1) loss of crystallised
water at 300—600 °C; (2) sulphate decomposition at 650—820 °C; and (3) arsenate decomposition at
820-975 °C.
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Figure 3.14. SEM images of the precipitates obtained in experiments E2, E4, and ES. The table also shows the
general composition determined by EDS from the image located at the left.

The SEM analysis (Fig. 3.14) shows that the E4 solid presents an amorphous morphology composed

of particle aggregates with sizes of 10-50 pm. These ones are mainly composed of As and Fe and

Cu and S in minor proportions (point 3, Fig. 3.14). The obtained elemental composition of this sample

by EDS agreed with the XRF results, which showed As, Fe, Cu, and S as the main elements.
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The E5 sample is composed of As (10.9 £ 1.2 %), Ca (19.0 + 0.2 %), Fe (10.3 £0.1%), and S (15.4
+ 0.5 %) as main elements, whereas Cu, Sb, and Bi are present in proportion lower than 0.5 %. The
presence of Ca and S was expected when the neutralisation was carried out using Ca(OH),, as
previously mentioned, due to gypsum formation (Bluteau et al., 2009; Demopoulos, 2005; Droppert,
1996). In fact, gypsum (= 83 % CaSO4:2H,0) was the only mineral phase identified in the E5 sample
(Fig. S3.10 of the supplementary material in Annex 1.2), which is in agreement with the Ca and S
concentrations provided by XRF, and this was confirmed by the mass ratio found (Ca/S = 1.23),
which is analogous to the theoretical ratio of gypsum (Ca/S = 1.25). On the other hand, the ES sample
showed a high concentration of As and Fe. The experimental mass ratio (As/Fe = 1.05) found was
lower than the theoretical ratio of scorodite (As/Fe = 1.34), and no evidence of its existence was
found. Hence, the precipitated As and Fe probably form some type of ferric arsenate (= 17 %), as
mentioned for the E4 sample, such as ferric arsenate intermedium [FeAsOs-(2+x)H,O], ferric
arsenate sub-hydrate (FeAsO43/4H>0), or basic ferric arsenate sulphate [Fe(AsO4)i-
«(SO4)x(OH)(1—x)H,0] (Dutrizac and Jambor, 2007; Gomez et al., 2011b; Le Berre et al., 2008).

The SEM analysis of the E5 samples is shown in Fig. 3.14. The obtained elemental composition of
these samples by EDS agrees with the results obtained by XRF, where the ES matrix was mainly
composed of As, Ca, Fe, and S. On the other hand, the solid presents a heterogenous morphology,
and it is formed by two types of particles: (1) large particles composed of Ca and S, whose tabular
structure correspond with gypsum (point 5 Fig. 3.14), verifying the results obtained by XRD, and (2)
fine particles composed of As and Fe that do not have a crystalline structure, these form amorphous

aggregates (point 4, Fig. 3.14) that are deposited on the gypsum surface.

In agreement with the consulted literature (Fujita et al., 2008¢; Gomez et al., 2011a; Singhania et al.,
20006), the formation of amorphous or poorly crystalline ferric arsenate in experiments E4 and ES
using the ES solution can be due to the incorporation of more than 5 % SO, anions and cations (Cu?")

into the crystal structure.
3.2.4 Practical implications

The removal of As, which is one of the impurities contained in Cu concentrate, has become one of
the current challenges of the pyrometallurgical Cu industry since it negatively affects the Cu cathode.
Part of the As that flows in the process is dissolved in the Cu electrolyte, and its concentration is
reduced when it is subjected to water treatment in which a solid is formed (ES), which is recirculated
due to the high Cu content. The process proposed in this work focused on the separation of As and
Cu through acid dissolution of the ES and subsequent precipitation of ferric arsenate, obtaining a

final liquid effluent with free As and high Cu content. Therefore, the Cu could be returned in the
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process without impurities, and the ferric arsenate could be valorised by using it is in commercial
applications such as the electrochemical energy storage in Li-battery (Anji Reddy et al., 2009; Gomez
etal., 2013).In addition, the formation of scorodite is considered as an alternative for As stabilisation
(Rong et al., 2020; Tabelin et al., 2019), keeping its stability under oxidising conditions in the pH
range of 2.0-6.0 (KE and LIU, 2019; Riveros et al., 2001). The final wastewater stream, with a low
concentration of As and Cu, could be sent to an effluent treatment plant (ETP) for final treatment

before its release to the environment.

This procedure could be applied to other acidic liquid effluents that are generated during Cu cathode
production; whose current treatment generates As-rich waste that is considered a hazardous material.
Therefore, the procedure proposed in this work generates a dual benefit. On the one hand, from an
environmental point of view, the decrease in the amount of produced waste and the reduction of the
environmental impact due to potential liquid effluent releases, in our case of study into a very
impacted environment as the Huelva estuary. On the other hand, from an economic point of view,
part of the Cu is recovered, improving the industrial process yield. These facts approach the copper

production industrial process to the aim of the circular economy.

3.2.5 Conclusions

The dissolution and subsequent treatment of highly Cu-rich ES with As impurities from the Cu
production industry was developed in this work to decrease the As concentration and to recover the
remaining Cu. The ES was fully dissolved (> 99 %) in H2SO4/HNO3 medium using a solid-to-liquid
ratio of 1:20 for 2.5 h at 50 rpm. During treatment of the obtained solution, amorphous ferric arsenate
was obtained, and the obtained PE for As was around 70 %. In addition, around 50 % Cu co-
precipitated with the formed solid, suggesting that it would be more appropriate to perform
previously Cu recovery as copper sulphate, which will also improve the subsequent PE of As.
Therefore, more experiments are required to optimise the As removal process, avoiding Cu co-
precipitation, and study the inertisation process and/or the potential applications of the formed solid

are required.
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3.3 COPPER RECOVERY FROM SLUDGES GENERATED IN THE ELECTROLYTE TREATMENT PLANT

OF A PYROMETALLURGICAL COMPLEX
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Abstract

Electrolytic sludge is generated in the last stage of the electrolyte decontamination treatment plant in
the manufacture of cathodic copper (> 99.99 % Cu). Currently, this sludge is recycled back to the
process due to the high concentration of copper, although its recirculation involves a serious problem
of arsenic accumulation in the industrial process. This negatively affects the quality of commercial
copper. Therefore, the main focus of this study was the recovery of copper contained in the electrolyte
sludge as copper (II) sulfate pentahydrate (CuSO4-5H,0) for its return to the industrial process and/or
commercialization. The remaining waste, which contains mainly As and other toxic chemical
species, were eliminated in a controlled repository. To this end, an exhaustive characterization of the
electrolytic sludge was performed to determine its chemical composition, mineral phases, and
particle size. The main results indicated that the sludge was composed of very fine particles (~ 99 %
< 100 pm), containing mostly Cu (~ 54 %) (CuzAs, Cux0, Cu and CuSO4xH>0), As (~ 10 % as
CuzAs) and S (~ 7 % as CuSO4xH,0). More than 90 % of the Cu contained in the sludge was
recovered as very pure copper sulfate (= 99.5 %) by an evaporative crystallization process. In
addition, around 70 % of the As was removed in the process as a solid (> 99 % in As,03). The rest
of pollutants remained in the final solution, which ultimately will be treated in the liquid effluent
treatment plant. Therefore, valorization of the electrolytic sludge was achieved by copper recovery
as CuSO45H>0O using evaporative crystallization; this process was an effective way for both
recovering Cu and removing the As contained in the electrolytic sludge generated in the electrolyte

treatment plant.

Keywords: Electrolytic sludge; Characterization; Valorization; Copper recovery; Copper sulfate;

Crystallization.

3.3.1 Introduction

The growth of global copper demand has increased quickly over the last 50 years, and the same trend
is expected for the future. Copper is employed in a wide range of applications, mainly due to its
unique electricity conducting properties, which makes it difficult to replace. It will be crucial for

future society, given the expected increase of copper-intensive low-carbon energy and electrification
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of transport technologies. World refined copper production reached about 23.5 million tonnes in
2017 (ICSC: International Copper Study Group, 2018). This is associated with a large amount of
solid waste and wastewater generation. The decrease in the ore grades also intensifies energy use.
Thus, copper production has a huge environmental impact (Csavina et al., 2014; D. Dong et al., 2020;
S.M. Pérez-Moreno et al., 2018). In the last decades, the industry has tried to achieve a circular
economy by recycling, reusing, and valorizing wastes, reducing disposal costs and avoiding risks for
the environment and human health (EEA: European Environment Agency, 2017; European

Commission, 2015; Liao et al., 2019).

Atlantic Copper SLU, one of the biggest manufacturers of cathodic copper in Europe, is located in
Huelva (Spain). This company reduces its waste as much as possible. This company produces around
2.9:10° t/y of ultrapure copper (> 99.99 % Cu), and they manage several co-products, intermediate

materials, and wastes.

A copper concentrate (~ 30 % Cu) is used as the raw material. This is first smelted in a Flash Smelting
Furnace (FSF) to be converted into matte (64 % Cu). It is then oxidized in the Converter Furnaces
(CF) to obtain blister copper (> 99 % Cu). The slag from these furnaces is treated in an Electric
Furnace (EF), giving a very inert slag that is mainly composed of iron silicates (< 1% Cu), which is
used in many civil engineering applications (road bases, concrete, etc.). Finally, the blister copper is
introduced into the Refining Furnaces (RF), obtaining copper anodes (99.6 % Cu, 3.3-105 t/y), which
are converted to commercial cathodic copper (> 99.99 % Cu) by electrorefining (Atlantic Copper,

2017).

During the electrorefining process, the copper (anode) is electrochemically dissolved in the
electrolyte and then electrodeposited onto the cathode. The electrolyte is a solution of copper sulfate
and sulfuric acid with around 45 g/L of Cu and 180 g/L of H>SO4. Some additives, such as chloride
(20-50 mg/L) and organic levelling and grain-refining agents (1-10 mg/L), are added in very low
concentrations to improve the morphology and purity of the copper cathode (Schlesinger et al., 2011).
In the electrochemical process, elements with lower redox potential than copper, such as arsenic,
antimony, bismuth, and nickel, remain in solution, while Cu is deposited onto the cathode. The
concentration of these impurities gradually increases in the electrolyte, and this negatively affects
the copper cathodic quality. Consequently, they must be reduced to acceptable levels. A conventional
process is used for controlling the impurity levels in the electrolyte. This process involves three
stages of decopperizing by electrowinning in liberator cells in the Electrolyte Treatment Plant (ETP)
(Artzer et al., 2018; Wesstrom and Araujo, 2012). In the first stage, the copper concentration is
reduced from 45 g/L to 25 g/L, obtaining a B-grade copper cathode (> 99.97 % Cu), which is used

to produce wire rods, tubes, foils, copper-based alloyed products, and chemicals. In the second stage,
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the copper concentration is further reduced to around 10 g/L. This anode scrap is used as cathodes in
the electrorefining plant. In the third stage, arsenic is removed from the solution by electrowinning
onto a cathode, forming an electrolyte sludge (ES), which guarantees a dissolved copper
concentration of 1-2 g/L. About 1300 t/y of ES are produced. The final treated electrolyte is sent
back to the electrolyte tank house for reuse. Currently, the ES is sent back to the FSF to recover its
Cu content (around 60 %), although its recirculation involves serious problems of As accumulation
in the industrial process. Figure 3.15 shows the general industrial process and the procedure
developed in this study for As-free Cu recovery. This consists in dissolving the ES using acid
digestion and then recovering Cu from the obtained solution (ES solution) as copper (II) sulfate
pentahydrate (CuSO4+5H>O) by evaporative crystallization. Finally, copper sulfate can be
reintroduced into the industrial process or marketed. The resulting solution can be mixed with the
industrial wastewater stream and be sent to an effluent treatment plant (ETP) for final treatment

before it is released into the environment.

Copper ore concentrated 4 2 .
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Figure 3.15. Flowchart of the general industrial process and the ES treatment proposal.

There are few studies in the literature concerning the characterization and valorization of the copper

electrolyte sludge (Chen and Dutrizac, 2009; Markovi¢ et al., 2012). Most studies are focused on
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alternatives to the conventional process for the purification of the electrolyte (Artzer et al., 2018;
Hoffmann, 2004; Navarro and Alguacil, 2002; Sheedy et al., 2006; Wang, 2004; Zhou et al., 2011).
Therefore, there are no studies concerning copper recovery from ES by its dissolution and Cu
precipitation as CuSO4-5H>0, which is widely used in many areas, such as in agriculture, antiseptic
agents, electroplating processes, electronics (as an intermediate), antifungal agents, treatment for
copper refining, and even as catalysts in petrochemical processes (Aktas, 2011; Alimohammadizadeh

et al., 2018; Ayala and Fernandez, 2014; Giulietti et al., 1996).

The copper sulfate pentahydrate or blue vitriol is usually produced by dissolving copper compounds
(from scrap copper and/or copper residues in sulfuric acid solution) in the presence of an oxidizing
agent such as air, oxygen, peroxide or nitric acid (Z. Dong et al., 2020; Khalid et al., 2019a; Markovi¢
et al., 2012; Valera et al., 2003; Yang et al., 2011). CuSO45H,O crystallization is achieved by
reducing the solubility of the copper sulfate in solution, i.e., supersaturating the solution of cupric
and sulfate ions. This can be performed by different methods, such as cooling, adding an antisolvent
(ethanol, methanol, glycol, acetone, etc.), evaporation, or some combination of these methods
(Giulietti et al., 1995; Mersmann, 1999; O’Grady, 2014). The method normally used in the industry
is based on evaporating and cooling the copper solution (Atoche and Huayta, 2015; Cortes-Egafia,
2009; Markovi¢ et al., 2012). Cupric sulfate crystal precipitation by adding an antisolvent is being
currently researched (Alimohammadizadeh et al., 2018; Ayala and Fernadndez, 2014; Kokes et al.,
2014; Yazici and Deveci, 2016).

In view of the above considerations, the aim of the present study was to extract the Cu contained in
the ES coming from the electrolyte cleaning plant by wet acid leaching and its subsequent recovery
as copper (II) sulfate pentahydrate (CuSO4 5H>O) for its return to the industrial process (arsenic-free)
and/or commercialization. For that purpose, a secondary general objective was proposed, which was
to develop an exhaustive characterization as a preliminary step and to select the most appropriate

methodology for dissolving ES and extracting Cu.

3.3.2 Materials and methods

3.3.2.1 Materials

Several sampling campaigns were conducted over a period of three months in the spring of 2017.
One sample was collected every eight days to verify the homogeneity of the ES. About 5 kg of sample
was collected, dried at 60 °C to constant mass, and homogenized by manual agitation while carefully
trying to break the clods of the sample. The homogenization process was verified by measuring three
aliquots through inductively coupled plasma optical emission spectrometry (ICP-OES), which

indicated that the dispersion of the obtained concentrations was comparable to the RSD (relative
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standard deviation) of the individual measurements. Likewise, one aliquot of each homogenized
sample was analyzed by X-ray fluorescence (XRF) to study the uniformity and/or possible temporal

variability of the samples. The experiments were carried out with a mix of ES samples.

3.3.2.2 Experiments

3.3.2.2.1 Dissolution of electrolytic sludge

The ES dissolution experiments were presented and discussed in a previous article (Paz-Gomez et
al., 2021a), where the dissolution of ES was carried out in a solution of sulfuric acid by using three
different oxidizing agents (air, oxygen and nitric acid). In the experiments with sulfuric and nitric
acid, different conditions were simulated: 1) two solid-to-liquid ratios (1:10 to 1:20 g/mL) were
employed; 2) sulfuric acid and nitric acid concentrations used ranged between 0.9 and 2.7 M and
between 1.0 and 1.8 M, respectively; 3) the temperature and reaction time were 24 and 50 °C for 12
and 2.5 h, respectively. The solution was stirred at 500 rpm. The experiments with air used different
concentrations of the sulfuric acid solution (2, 4, 6 and 10 M), in which a constant air flow (2 L/min)
was introduced. When O; (purity > 99.5 %) was used, this experiment was performed under optimal
conditions, with a 2 M H»SO4 solution and a constant O, flow of 8 L/min. In both experiments, the

solution was at 80 °C and stirred at 500 rpm for 2.5 h.

3.3.2.2.2 Copper recovery

Copper recovery was carried out by an evaporative crystallization process to obtain copper (II)
sulfate pentahydrate. The ES solution was evaporated with continuous stirring (450 rpm) at 80 + 5
°C to a final given volume. Then the temperature was reduced at a cooling rate of 0.5 °C/min until
reaching room temperature (~ 20 °C). The crystal growth stage was carried out for 24 h, and then the
solution was filtered to collect the CuSO4-5H,0 crystals, which were rinsed with ethanol and dried
at 50 °C until reaching a constant mass. The experiments were performed by two methods: (a)

sequential and (b) non-sequential evaporation, which are explained below.

Prior to the experiments, the theoretical copper recovery percentage (#¢.) curve, as CuSO4 5H>0,
was predicted to determine the concentration factor range (CF = Vy/ V;, where Vj is the initial volume
of the solution, and V; is the final volume of the obtained solution at each evaporation step) that was
subsequently used in the experiments. Considering the initial molar concentrations of Cu and S (as
SO4) in the ES initial solution, the solubility product equation under saturated conditions for different
final volumes, and reaction 1, the copper recovery percentage as copper sulfate was calculated as a

function of CF. The theoretical curve (Fig. S3.12, Annex 1.3) shows that the range of study should
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cover from CF = 1.1 (5c. ~ 18 %) to CF =4 (§cu ~ 95 %), thus the experiments were designed to

cover this range.

Cu®** + 50?2 « CuSO, Eq.3.17
a) Sequential evaporation

An evaporative crystallization process was carried out in five sequential stages by using an initial
volume, Vp = 200 mL, in which approximately a constant volume (about 25 mL) was evaporated
every time at 80 °C. After each evaporation stage, the solution was cooled and filtered to collect the
CuSO45H>0 crystals formed, until a final step in which the volume of the obtained solution was 50

mL (CF =4).
b) Non-sequential evaporation

In the non-sequential experiments, the same initial volume (V5= 80 mL) of the ES solution was taken
for each experiment, and this was evaporated at 80 °C to final volumes (¥}, V> and V3) of 20, 30, and
50 mL, respectively. The solution was cooled, and the crystals were collected by filtration and

preserved for analysis.

3.3.2.3  Characterization techniques

3.3.2.3.1 Granulometry

The particle size distribution of the samples was determined through a granulometric analysis
employing a modular analyzer, Mastersizer 2000, with He-Ne laser diffraction technology, at a
wavelength of 632.8 nm. A representative amount of each sample was placed in ethanol and
subjected to ultrasound for 10 minutes, followed by magnetic stirring for about 30 minutes.
Moreover, several certified reference materials were used to verify the measurements: LTX3300C
Nanosphere Size Standards; 2009A and 2009B Duke Polymer Microsphere Uniform Standards;
4009, 4009A, and 4009B Duke Standards, Microsphere Size Standards.

3.3.2.3.2 Elemental composition

The major elements were measured by XRF employing a Panalytical sequential spectrometer
(AXIOS model) equipped with an X-ray tube of 4 kW, a front window, and an anode of Rh, five
analyzing crystals (PX1, PE 002, LIF 200, Ge 111, and LIF 220), and two detectors (flow and

scintillation). Prior to the analysis, the samples were prepared as pressed discs of 40 mm in diameter
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and 25 mm in thickness. To verify the quality of the result, a gold alloy (FISHER 603-683) was used

as certified reference material.

The trace elements were measured by two techniques: inductively coupled plasma mass spectrometry
(ICP-MS), Perkin Elmer Sciex ELAN 9000, and inductively coupled plasma optical emission
spectrometry (ICP-OES), Varian 735 ES. Prior to the analysis, the samples were digested by mixing
with four acids (hydrochloric, nitric, perchloric. and hydrofluoric acid). Some aliquots were
dissolved by fusion with sodium peroxide. Quality control (QC) included the use of blanks,
replicates, and several certified reference materials (CZN-4, DNC-1a- GXR-1, MP-1b, OREAS-
97/98/101a, RGTH, etc.) to ensure that experimental uncertainties were less than 10 %.

3.3.2.3.3 Mineralogy composition

The mineral phases present in the samples were identified through X-ray diffraction (XRD) analysis
using a Panalytical X Pert Pro diffractometer equipped with a Cu X-ray source and an X’celerator
detector operating under the following conditions: voltage, 40 kV; current, 10 mA; range 5-70° 20;
step size, 0.017° 20; time per step, 50.165 s; divergence slit fixed angle, 0.5°. The crystalline mineral
phases were identified using X'Pert HighScore Plus software along with the PDF-4 Minerals 2013
ICDD database. Quantification of the mineral phases was performed using the Rietveld method,
which employed corundum (Standard reference material, SRM 1976a) as an internal standard to
determine the amount of amorphous material. In addition, the mineral composition of some samples
was performed with a Bruker D8-Advance diffractometer equipped with Goebel mirrors, a high
temperature chamber (up to 900 °C), a KRISTALLOFLEX K 760-80F x-ray generator, and an X-ray
tube with a copper anode. Diffractometer settings were 3000 W, 20-60 kV, 5-80 mA. The crystalline
mineral phases were identified using the Match! software (Phase Identification from Powder
Diffraction) of Crystal Impact using the COD database (Crystallography Open Database). In this
case, zincite (ZnO) was added prior to the analysis as an internal standard to determine amorphous

material and quantify the mineral phases.

3.3.2.3.4 Thermal properties

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were used to study the
thermal behavior of the samples using a TG-85E 11 SDTA Mettler thermobalance coupled to the
ICP-MS (Pffeifer ThermoStar) equipment to determine the composition of the residual gases. The
operating conditions used were 25-1000 °C with a heating rate of 10 °C/min and an inert N,

atmosphere with a flow rate of 50 mL/min.
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3.3.2.3.5 Morphology and microstructure

The morphology and microstructure of the samples were analyzed using a scanning electron
microscope (SEM) QUANTA-Fei 200 equipped with an energy dispersive spectrometer (EDS),
which enables multi-elemental, semi-quantitative analysis. The mineralogical database was used to

determine the mineralogical composition (Mineralogy Database, 2012b).

Spatial distribution of major elements present in the samples was determined using a scanning
electron microprobe (EPMA) JEOL JXA-820 model equipped with four wavelength-dispersive X-

ray spectrometers and EDS.

3.3.3 Results and discussion

3.3.3.1 Physical-chemical characterization of electrolytic sludge

The particle distribution of the ES sample is shown in Table S3.6 and Fig. S3.13 (Annex 1.3). The
sludge is mostly composed of silt (86 = 6%) and a low content of clay (8 £ 2%) and sand (6 & 3%)),
obtaining that the median of the particle size distribution dso = 17 pm, percentiles dop = 50 pm, and
doo = 100 pm. This granulometry distribution is highly beneficial for metal recovery by the
hydrometallurgy route (ASTM D2487, 2006; Hansen et al., 2005; Khalid et al., 2019a).

ES contained mainly Cu (54 = 1 %), As (10 = 1 %), and S (7 £ 1 %) as major elements (Fig. 3.16
and Fig S3.14, Annex 1.3). Other elements, such as Bi, Fe, Ni, Pb, Sb and Zn, were found at
concentrations below 1 %. The average composition of the ES mix was analogous to the average
composition of the sludge collected. Student’s t-tests were applied for each element, verifying that
there were no significant differences between the ES-mix composition and the average of the samples

collected at a confidence level of 95 %.

Several mineral phases, such as domeykite (~ 27 % CusAs), cuprite (~ 22 % Cu20), copper metal (~
19 % Cu), and poitevinite (~ 5 % CuSO4H,0), were detected (Fig. S3.15, Annex 1.3), with a low
content of XRD-amorphous phase (about ~27 %).
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Figure 3.16. Average composition of major elements present in ES samples. Standard uncertainty (10)
calculated as the standard deviation of the mean & = S,/ (n)/?

The thermal analysis data ratified the mineralogical composition. Four thermal events were observed
(Fig. S3.16 of the supplementary material in Annex 1.3). Water was detected in the two first events
at 110 °C and 277 °C, thus the mass loss is probably associated with dehydration of different hydrated
copper (II) sulfate species, such as CuSO45H>0 (10 %) and CuSO4-H>O (18 %), where only 5 %
was crystalline, according to the XRD analysis. The third event at 454 °C can be associated with the
decomposition of anhydrous species (14 % CuSOQs), verified by the detection of SO, in the ICP-MS
system (Singh et al., 2010; Foldvari, 2011). In the fourth event at 850 °C, no mass change was
detected in the sample, indicating a state change, which could be due to domeykite melting, since the

melting point of this species is around 827 °C (Pereira et al., 2015; Ramsdell, 1929).

The SEM-EDS analysis of ES is shown in Fig. S3.17 and Fig. S3.18, in the Supplementary Material
(Annex 1.3). The EDS analysis indicated that the elemental composition was similar to that obtained
in the XRF analysis, where the sample was mainly composed of Cu, As, and S (see Fig. S3.17). The
sample presented particles mainly composed of Cu, S, and O (see point 1 of Fig. S3.17). The
composition and morphology suggest that this particle was similar to chalcocyanite (CuSOs). The
sludge also contained particles identified as copper metal (point 2, Fig. S3.17). Moreover, the matrix
contained particles composed of Cu and O (point 3, Fig. S3.18). The Cu and O proportion and cubic
morphology suggest that this particle could be cuprite (Cu,O). The ES sample also contained
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particles mostly composed of Cu and As (point 4, Fig. S3.18), whose composition and dendritic
structure correspond to domeykite (CuszAs). It was also observed that the copper arsenide phase
contained Bi-S-rich regions (point 5, Fig. S3.18) which were found in the pores or on the surface of
CuzAs. These results are in agreement with the literature consulted (Chen and Dutrizac, 2009; Hiskey

and Maeda, 2003) and with those phases identified by XRD and thermal analysis.

Secondary electron images of the ES region and X-ray mapping of the principal elements (Cu, As,
S, Bi, Ni, Pb, Sb and Zn) are shown in Fig. S3.19 (see, Supplementary Material, Annex 1.3). The
mapping revealed regions with a high content of Cu and As, confirming the presence of copper
arsenide. Mapping also showed areas with high contents of Ni and S, suggesting that these elements
can be in the form of nickel sulfates (Hoffmann, 2004; Wang, 2004). Likewise, there were also
regions where Bi and S were coincident, confirming the presence of Bi-S-rich regions, which could

be bismuth sulfate particles.

3.3.3.2 Dissolution of the electrolytic sludge

After this exhaustive characterization was performed, ES dissolution tests were carried out, in which
several conditions were studied. A summary of the best results using different oxidizing agents is
shown in Table 3.4. ES was successfully dissolved in the following conditions: the leaching agent
was a solution composed of 1.4 M H,SO4 and 1.8 M HNOs, the solid-to-liquid ratio was 1:20 g/mL,
the stirring speed was 500 rpm at a temperature of 50 °C, and the reaction time was 2.5 h. ES

dissolution tests are reported and discussed extensively in a previous article (Paz-Gémez et al.,

2021a).
Table 3.4. Summary of the conditions analyzed in the sludge dissolution experiments.
Oxidising S:L Gas flow . Temperature Dissolution efficiency
Exp. ID agent (gmiy H2SO4 D) [HNO;| (M) 0 L time (h) ©C) of the ES (%)
N-1.8-1.4 Nitric acid 1:20 1.4 1.8 - 2.5 50 100
A-2-2-C Air 1:20 2.0 - 2 2.5 80 32
0-8-2-C Oxygen 1:20 2.0 - 8 2.5 80 66

The composition of the ES solution used in these experiments is shown in Table 3.5.

Table 3.5. Elemental concentration of electrolytic sludge solution in mg/L except for elements with (*), which
were measured in g/L

As (¥) Bi Fe Cu (%) Ni Pb Sb S (*) Zn
5.1 190 9.2 31 140 15 140 44 5.6
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3.3.3.3 Copper recovery

In order to study the copper recovery by evaporative crystallization, two types of tests were carried
out: 1) sequential experiments in which an initial volume of ES solution was evaporated in five stages
until the solution was reduced by about 75 % (CF ~ 3.8) and the solids formed were removed at each
step by filtration; and 2) non-sequential experiments in which same initial volumes of ES solution

were evaporated separately up to different final volumes (V;, V> and V3) (see Fig. 3.17).

The physicochemical characterization of the solid phase obtained in the Cu recovery experiments is
detailed below, as well as recovery efficiencies of the major elements. The composition of the final

solutions can be seen in Table S3.7 in the Supplementary Material (Annex 1.3).

(a)
Vapor Vapor Vapor Vapor Vapor
Final
ES solution SOl:lnt?Ol'l
Stage 1
V=128 mL - -
l Stage3 | V37 16 e Stage 4 Va= ‘f il Stage 5 | V5= 52 mL
S-1 S-2 S-3 S-4/8-4% $-5
(no solid formed)
(b)
Exp. 1 Exp. 2

Vapor | Vapor |

I} | il |
Final | i | i

ES solution ina | ES solution me'l | metl
solution solution solution
| \
| V,= 50 mL \ Vi=30 mL

| \

| \

| |

NS-1 NS-2 NS-3

Figure 3.17. Flowchart of copper recovery experiments: (a) sequential and (b) non-sequential.

3.3.3.3.1 Characterization of solid phases obtained in Cu recovery

The compositions of the major and trace elements of the obtained solid phases in the sequential and
non-sequential experiments are shown in Table 3.6. It is important to highlight that no solid was
observed in the first stage of the sequential experiment (S-1, CF = 1.25). The obtained solids in the
rest of the stages can be observed in Fig. S3.20 and Fig. S3.21 (Supplementary Material, Annex 1.3).
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Table 3.6. Chemical composition of the solids precipitated in the copper recovery experiments. V (mL) is the
final volume. Detection limit (DL = 3 mg/L). S-4*= white dust.

Major elements (%) Trace elements (mg/L)
Exp.ID Vi(mL)  As Cu S Bi Cr Ni Pb Sb Zn
S-2 128 0.14 253 12.8 68 11 45 <DL 9 4
S-3 96 022 251 138 71 9 61 <DL 28
Sequential S-4 70 1.50 24.0 137 61 7 113 3 139 10
S-4* 70 63.0 193 1.08 38 10 15 8 321 3
S-5 52 038 249 137 54 7 203 27 16 17
NS-1 60 0.03 253 13.1 56 10 36 <DL 10 6
. ;:: ’;Z;ia , NS 50 049 248 136 47 8 45 <DL 15
NS-3 30 510 22.0 11.8 31 8 73 <DL 393

Most solids crystallized in the sequential experiments contain a high concentration of Cu (~ 25 %)
and S (~ 13 %) and a minor proportion of As (< 0.5 %). The experimental mass ratio (Cu/S = 1.92)
is similar to the theoretical ratio of copper sulfate pentahydrate (Cu/S = 1.94). Other elements, such
as Bi, Cr, Ni, Pb, Sb, and Zn (< 100 mg/L), were also present in the sample. If the obtained
CuSO045H>0 is compared with copper sulfate pentahydrate product-type 2 used as private and public
health area disinfectants and other biocidal products (see Table S3.8, Supplementary Material in
Annex 1.3), it can be seen that the blue vitriols formed present high concentrations of impurities,
especially Ni and As, and consequently these precipitates cannot be marketed, according to the
regulations and report consulted (BPC: Biocidal Product Committee, 2013; Regulation (EU) N°
528/2012, 2012).

A white dust crystallized with the CuSO4-5H,0O crystals (S-4) in the fourth stage. This dust was
manually separated for analysis (S-4*) and was found to contain a very high concentration of As (63
%), while the Cu and S proportions were below 2 %, since their physical separation was not efficient.
Furthermore, the dust contained low concentrations of Sb (~300 mg/L), Bi, Cr, Ni, Pb, and Zn (< 50
mg/L), which were their main trace elements. As a result of the presence of the remaining dust in
CuSO0s4-5H>0 crystals, sample S-4 had a concentration of As (1.5 %) ten times higher than that of the
rest of the CuSQO4-5H>0 samples. This is due to the fact that a physical separation of the two solids

could not be fully achieved, and thus contamination was observed in both solid phases.

Solids crystallized in the non-sequential experiments, i.e., NS-1 and NS-2, had compositions similar
to those of the first two solids obtained in the sequential process, as expected. In contrast, the NS-3
solid mostly contained Cu (~ 22 %), S (~ 12 %), and As (~ 5 %) with Sb (~ 400 mg/L), Ni (> 50
mg/L), and Bi, Cr, Pb, and Zn (< 50 mg/L) as the main trace elements. In this case, the high As
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concentration in NS-3 was due to the fact that both white dust (arsenic) and blue vitriol (copper

sulfate crystals) phases could not be separated.

Fig. 3.18 shows the obtained diffraction pattern by XRD for two representative samples (S-2 for
sequential experiments and NS-3 for the non-sequential process) as examples of the solids formed in
both experiments. The only mineral phase identified in the S-2 sample was chalcanthite (~ 99.8 %

CuS04-5H>0), agreeing with the composition given by the XRF results.

The main mineral phases present in NS-3 were chalcanthite (~ 86 % CuSO45H,0) and arsenolite (~
6.5 % As»03), corresponding to about 80 % of the As removed as arsenic trioxide. The Cu, S, and
As concentrations are in line with those obtained in the XRF analysis. The formation of arsenic
trioxide can be explained by considering the equilibrium solubility of arsenious acid (H3AsO3) (Eq.
3.19), which comes from the dissolution of CusAs (Eq. 3.18). Its solubility decreases as the
evaporated water increases, favoring the formation of As,O3 (Drahota and Filippi, 2009; Nordstrom
et al., 2014). Furthermore, NS-3 had a low content of an amorphous phase (about 7 %), which could

contain a poorly crystalline phase, which cannot be detected by the equipment.

CusAs + 3HNO; + 3H,S0, — 3CuSO, + H3AsO; + 3H,0 + 3NO Eq.3.18

2H3ASO3 g A5203 + 3H20 Eq. 3.19
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Figure 3.18. XRD pattern of the obtained precipitate in the S-2 and NS-3 experiments. Mineral phases
identified: chalcanthite-CuSO4+5H,0 (1), arsenolite-As:03 (2), and zincite-ZnO (3), which was used as
internal standard.
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A thermal analysis was carried out to verify the identity of the white dust (S-4*) that formed along
with the copper sulfate pentahydrate. The results are presented in Fig. 3.19, where a single thermal
event can be observed at around 301 °C. According to the literature consulted (Cervando and Viraca,
2013; Helsen et al., 2004; Kercher and Nagle, 2001), and the elemental composition of the sample,
this thermal event must be associated with sublimation of the arsenic trioxide (arsenolite, As>O3) at
around 280 °C (see reaction 3.20). In addition, the gases detected by the coupled ICP-MS confirmed
the presence of As4QOg. In agreement with the mass loss, the sample contained around 93 % of this
compound, corresponding to 70 % of arsenic, which is in line with the content of As given by XRF.
Therefore, the white dust was demonstrated to be As,Os, meaning that around 70 % of the As

contained in the ES solution is removed as arsenic trioxide.
2A5203(S)—> AS406(g) Eq. 3.20
The DTA curve revealed that arsenic trioxide sublimation is an endothermic process. Other peaks

were also observed above 400 °C. These can be associated with the interaction of the remaining

sample with the atmosphere (Foldvari, 2011).
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Figure 3.19. TG-DTG-DTA curves of S-4* (white dust) sample.

3.3.3.3.2 Copper recovery in the crystallization process

dm/dT

Endo

0.8

L 1,0

Ion current (nA)

In order to assess the copper recovery (or the fraction of As removed in the case of dissolution

cleaning), the recovery efficiency (£) was defined as the ratio between the mass of element X in the

obtained solid at the end of the stage/experiment i (mx;) and the mass of X in the initial ES solution
(mxo) (see Eq. 3.21):

my:.
E (%) =—% x 100

mXo

Eq. 3.21
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The results are shown in Fig. 3.20 where the precipitation efficiency of the studied elements is shown

as a function of the concentration factor (CF = Vy/V;) for both sequential and non-sequential

experiments.
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Figure 3.20. Recovery efficiency (%) as a function of the concentration factor for both types of experiments:
(a) sequential, (b) non-sequential.

In both experiments, the recovery efficiency of Cu and S increased as the volume of the evaporated
solution increased. In the sequential experiment, it was observed that more than 80 % of the Cu was
crystallized when the CF was 2.9. The recovery efficiency of Cu was around 95 % when the solution
was evaporated up to 75 % (CF= 3.8). On the other hand, in the non-sequential experiments, which
were concentrated up to CF = 2.7, the E for Cu was around 70 %. This is a value similar to that found
in the sequential experiment if the experimental uncertainties are taken into account (around 10% at
1 sigma level). Nevertheless, these results must be replicated to improve the control of the variables

involved in E (temperature, impurity degree, etc.).

The recovery efficiency of As for evaporated fractions (EF = (Vo-V)/Vs) higher than 60 % (CF =
1/(1-EF) > 2.5) was constant, with values of around 70 %, proving that the As mainly crystallized at
a specific CF (Fig. 3.20). As crystallization was produced at a CF of around 2.5, while for CF values
lower than this critical value, its recovery is less than 1 %. However, further research is needed to
determine the range in which arsenious acid (H3AsO3) becomes insoluble and forms arsenic trioxide

As,0;.

In both experiments, the recovery efficiency of Ni and Zn was around 5 % and 10 %, respectively,
for both the sequential and non-sequential methods (Fig. 3.20). In contrast, the recovery efficiency
of Sb in the non-sequential experiment (NS-3) was around 24 % (Fig. 3.20b), which was higher than
that obtained in the fourth step of the sequential experiment (~ 5 %) (Fig. 3.20a). Moreover, elements

such as Bi and Pb had an E below 5 % in both cases. The formation of As;Os favors the
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coprecipitation of other impurities, such as Sb, according to the literature consulted (Peng et al.,

2012; Zhou et al., 2011).

Finally, if the experimental data are compared with the theoretical curve for copper recovery as
CuSO045H,0 (Fig. 3.21), it can be observed that the experimental points have a similar tendency,
where the percentage of copper recovery increases with the concentration of the solution, i.e., when

the volume of evaporated solution increases.
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Figure 3.21. Theoretical curve and experimental points of copper recovery (%) as a function of the
concentration factor.

3.3.4 Practical implications

The recovery of copper from ES (free of arsenic) has become a challenge for the copper industry,
since the current way to recover copper from this sludge is by recycling it back to the FSF, which
involves serious problems of arsenic accumulation in the industrial process, negatively affecting the
quality of the cathodic copper. The process proposed in this study focuses on the recovery of copper
from sludge, first by dissolving the ES in an acidic medium and then recovering the copper from the
obtained ES solution using evaporative crystallization. Finally, copper recovered as copper (II)
sulfate pentahydrate can be returned to the process free of impurities (mainly arsenic) and/or

marketed (Fig. 3.15).

The copper sulfate obtained in the recovery experiments contained more than 99.5 % of CuSO45H,O
and less than 0.5 % of other impurities (mainly As). This copper sulfate could be reintroduced in

several stages of the industrial process. It could be sent back to the FSF, as is currently done with
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ES, avoiding the problem of As accumulation when ES is directly recycled (point A, Fig. 3.15). A
second more attractive proposal would be dissolving the CuSO4-5H,0 crystals with H>SO4 and using
it as an electrolyte, which could be introduced in the electrorefining process (point B, Fig. 3.15) or
stage 1 of the ETP (point C, Fig. 3.15). Nevertheless, in this case, it must be verified that the obtained
electrolyte conditions are suitable and do not affect the quality of cathodic copper. Thirdly, copper
sulfate could be marketed for other applications, such as agriculture, antiseptic agents, electroplating
processes, electronics, or water treatment. However, the saleable copper sulfate pentahydrate must
have a minimum purity of 99.99 %, equivalent to 25.4 % of Cu (BPC: Biocidal Product Committee,
2013; Regulation (EU) N° 528/2012, 2012). For this reason, the evaporative crystallization process

is currently being optimized to reduce impurities to the appropriate level for commercialization.

The process of copper recovery by evaporative crystallization proposed in this work could generate
two benefits. On the one hand, arsenic accumulation in the industrial process is decreased, thus the
amount of hazardous wastes produced is also reduced, since there is less arsenic in the liquid
effluents, which implies a reduction of the environmental impact. On the other hand, arsenic-free
copper recovery improves the industrial process yield and could generate economic profit if the
copper sulfate is sold or used in the copper refining plant as an electrolyte. This process furthers the

aim of circular economy in industrial copper manufacture.

3.3.5 Conclusions

After a detailed characterization of the sludge obtained in the electrolyte treatment plant, experiments
for recovering its copper content as copper sulfate pentahydrate by evaporative crystallization were

designed and carried out. The main conclusions of this investigation are as follows:

1. The ES sample had a high Cu content, around 54 %, which is mainly present as CusAs, Cu,O,
Cu metal, and CuSO4-xH,O. ES also contained a high As concentration, around 10 %, mainly
as CusAs. According to the composition and physicochemical properties found for this
sludge, the ES can be an important secondary source of copper, although it is necessary to
decrease or remove the As content for reprocessing or valorization.

2. The copper recovery experiments were successful, obtaining that more than 90 % of the Cu
was recovered as CuSO45H,O by evaporative crystallization. Nevertheless, the
CuSO45H20 obtained had a significant concentration of impurities, mainly As, when
compared with the common copper sulfate product. Thus, the CuSO4-5H>O crystals must be
purified to meet the demands of the industry or reintroduced into the industrial process. The
impurities can be easily reduced by adding several recrystallization steps until reaching an

appropriate level for their commercialization.
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About 70 % of the As present in the sludge was removed as As;Os3, according to XRD and
thermal analysis. Thus, the As concentration can be drastically reduced from that which is
currently returned to the process.

The cleaning of As>Os from the traces of CuSO4-5H>O can be carried out by dissolving this
copper sulfate in water, since arsenic trioxide is almost insoluble, although the
recrystallization process could be conducted to recover the copper as copper sulfate free of
arsenic compounds.

More experiments are needed to optimize the copper recovery process, as copper (II) sulfate
pentahydrate, for the copper to be suitable as a commercial product, although it can be sent
back as raw material in the pyrometallurgical or electrorefining process. In addition, it is
necessary to investigate the stabilization of the obtained arsenolite, or convert it to scorodite,

which is a very inert mineral of arsenic.
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3.4 IMMOBILIZATION OF HAZARDOUS WASTES ON ONE-PART BLAST FURNACE SLAG BASED

GEOPOLYMERS

D.C Paz-Gomez, 1.S Vilarinho, S.M Pérez-Moreno, J. Carvalheiras, J.L. Guerrero, Rui M. Novais,
Maria P. Seabra, G. Rios, J.P. Bolivar and Jodo A. Labrincha.

Sustainability (under review)

Abstract

The immobilization of hazardous wastes in Ordinary Portland Cement (OPC) based materials has
been widely studied and implemented. However, OPC based material production is associated with
high carbon footprint and alternative solutions are needed. The geopolymer materials are a
sustainable and eco-friendly alternative and can replace the OPC-based materials. Therefore, the
main goal of this work was the immobilization of two hazardous wastes: copper wastewater sludge
(CWS) and phosphogypsum (PG) in one-part geopolymer pastes and mortars using blast furnace slag
(BFS) as the precursor and metasilicate as an activator. For that purpose, BFS was partially
substituted by CWS and PG (5, 10 and 20 wt.%) in the geopolymer formulations. The geopolymer
fresh and hardened state properties were evaluated, and the immobilisation of pollutants was
determined through leaching tests. In the PG-containing pastes (PG5, PG10, PG20) it was observed
that the compressive strength decreased with the increase of the PG amount, varying between 67
MPa and 19 MPa. The mortar MPG10 had a compressive strength of 13 MPa which means it can be
used in construction sector. In CWS-containing pastes, the compressive strength of the specimens
(CWS5, CWS10) was around 50 MPa. The corresponding mortar (MCWSs10) had 21 MPa which
can be used in construction sector. Leaching tests showed that pastes and mortars immobilise the
hazardous species of the wastes, excepting As from CWS. The best result was found in the highest

compact paste (CWSs10) leached 2 mg/kg of As.
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Keywords: One-part geopolymer; Hazardous waste; Immobilization; valorisation; circular

economy.
3.4.1 Introduction

The demand for copper (Cu) continues to increase rapidly due to its crucial role in new technologies
(Auping et al., 2012; Schipper et al., 2018b). World refinery production reached 24 Mt in 2019
having an increase of 30 % when compared to the reported value in 2009 which in line with the
increasing demand of this material. The increase in the copper production also implies that the
amount of generated waste (e.g., dust, sludge, and slag) and gas emissions rises (ICSG: International
Copper Study Group, 2020). In recent decades, copper manufacturing industries have focused on
systems to improve the recycling rate of the wastes and by-products, trying to reduce the
environmental impact and achieve economic benefits, in line with the current European Union

strategy for Circular Economy (Khan et al., 2020; Liao et al., 2019).

Atlantic Copper S.L.U is a company whose metallurgy complex is in Huelva (Southwestern Spain).
This company is one of the biggest copper cathodes manufacturers in Europe. The plant produces
about 3-10° t/y of high-purity copper cathodes (> 99.99 wt. % Cu) (Atlantic Copper, 2017). The
industrial process generates several wastes and by-products, such as slag and effluents that are sent
to the liquid effluent treatment plant (LETP), where the heavy metals and other impurities (mainly
As) are removed. The treatment process involves four steps: homogenization, pre-treatment,
polishing and ultrafiltration. Homogenization is carried out to control the composition and flow that
feeds the system. In this stage, the effluents are stored in two tanks, one for acid/neutral effluents and
another for alkaline effluents. In the pre-treatment, the effluents are mixed in a lamellar decanter
where iron coagulants (FeCl; and/or FeSO47H,0), an oxidizing agent (H,O>), and lime slurry (to
adjust pH 10-11.5) are added. The stream is sent to the polishing stage where the arsenic is reduced,
adding CO, to adjust the pH between 8-9, iron coagulant and other reactants in a second lamellar
decanter. The outlet effluent is sent to an ultrafiltration (UF) system where fine particles that remain
in the liquid effluent are removed. During the pre-treatment and the polishing stages metals
precipitation generates sludges that are collected in the underflow of the decanters, mixed in the
thickener, and sent to pressure filters. The final sludge is here designated CWS (copper wastewater
sludge). About 2-10° t/y of CWS are produced and stored in a controlled landfill, located 70 km from
Huelva city. This management strategy not only involves high transportation and storage costs but

raises environmental concerns.

On another hand, in Huelva was located from 1965 to 2010 year two factories devoted to the

phosphoric acid production, generating annually about 2.5 Mt of a waste called phosphogypsum
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(PG). This waste was stored in big stacks in the saltmarshes of Tinto River covering a surface of
about 1000 ha, and containing around 80—-100 Mt of PG. Therefore, efforts are being done for the
valorisation of this waste in other applications in order to reduce its environmental impact. This PG
in many studies has been characterized, and it is mainly formed by gypsum (CaSO4:2H>0), more
than 95 %, and the remaining fraction are impurities containing F-, P,Os, and other pollutants in trace

concentrations (Bolivar et al., 2009; Guerrero et al., 2020; S. M. Pérez-Moreno et al., 2018).

The immobilization of hazardous wastes in Ordinary Portland Cement (OPC) based materials (e.g.
mortars, concrete) is widely studied and implemented, despite the low effectiveness in several
situations (Al-Kindi, 2019; Chen et al., 2009; Provis and Van Deventer, 2014; Shively et al., 1986).
The use of geopolymer matrices seem more effective in several cases (Bankowski et al., 2004;
Minaiikova and Skvara, 2006; Van Jaarsveld et al., 1997), but there are some papers reporting low
immobilization effectiveness (Fernandez-Jiménez et al., 2005; Provis and Van Deventer, 2014; Vu
and Gowripalan, 2018). Anyway, geopolymers show a lower carbon footprint when compared to
OPC, namely a reduction in CO; emissions of up to 50 % if properly designed (L. Assi et al., 2018;
Yang et al., 2013).

The conventional process (two-part) to obtain a geopolymer involves a reaction between a
concentrated alkali solution (e.g., sodium hydroxide and sodium silicate), and a solid aluminosilicate
precursor (metakaolin, fly ash, blast furnace slag - BFS) (Komnitsas and Zaharaki, 2007; Mobili et
al., 2020). The geopolymer materials exhibit excellent physic-chemical properties, including high
compressive strength, low shrinkage, controllable setting, acid resistance, fire resistance and low
thermal conductivity, consequently, a wide range of potential applications in the construction sector
is expected (Duxson et al., 2007; Komnitsas and Zaharaki, 2007). However, the use of corrosive
(alkaline) solutions difficult the real manipulation of such solutions. An interesting/realistic
alternative to produce these materials is named one-part or “just add water”. In this process, a solid
alkaline activator is blended with the solid aluminosilicate precursor (dry mixture), and the reaction
begins when water is added. In fact, this process is analogous to the preparation of OPC-based

materials (Hajimohammadi and van Deventer, 2017; Luukkonen et al., 2018a).

Consequently, this work is focused on the immobilization of CWS and PG in one-part geopolymer
pastes and mortars using blast furnace slag (BFS) as precursor. Geopolymers materials were prepared
by substituting 5, 10 and 20 wt.% of BFS by the residues. Fresh and hardened state properties were
analysed, and immobilization efficiency was evaluated through water leaching test, to determine the

pollutant fixation.
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3.4.2 Materials and Methods

3.4.2.1 Materials

Blast Furnace slag (BFS) from Ecocem, Aix-en-Provence, France, was used as the main solid
precursor. BFS is a product made by rapidly cooling a slag melt, obtained by smelting iron ore. The
precursor was partially replaced by two hazardous wastes, namely phosphogypsum (PG) and
wastewater sludge from copper cathodes production (CWS). PG samples were collected from the PG
stacks, which are located less than 1 km from Huelva city (Spain). CWS samples were collected in
the liquid effluent treatment plant of Atlantic Copper, a copper smelting plant located in Huelva.
After collection, both residues were immediately dried at 60 °C, milled and manually homogenized.
CWS residue was further milled in a mill ring (Retsch, RS 100) and then sieved through 63 um mesh.
Granulated anhydrous sodium metasilicate (Na;O= 47-49.5 %, SiO= 50.5-53 %) from Sigma-
Aldrich, was used as a solid alkaline activator and, for mortars preparation, commercial natural sand
from Weber Saint-Gobain (W), Aveiro, Portugal, was used as aggregate. Sand particles size ranges

between 0.5 and 1 mm.

3.4.2.2 Preparation of geopolymer pastes

One-part geopolymer pastes were prepared, and the composition of specimens is shown in Table 3.7.
The letters stand for the solid precursor used and the numbers for the substitution (mass %): “R” is
the reference geopolymer paste prepared only with BFS; “PG” and “CWS” denote the respectively

€9
S

used residues. The “s” indicates that the waste was sieved at 63 pm. Finally, the letter “M” was used
to designate the mortars. For example, PGS is a paste where PG replaced 5 wt.% of BFS and MPG10

is a mortar where PG replaced 10 wt.% of BFS.

The geopolymers preparation procedure was the following:

1. The solid components (precursor, activator and aggregated, if applied) were mixed and
homogenized manually in a plastic bag for about 1-2 min.

The solids were mechanically mixed while adding the water for 1 min.

The fresh paste was manually mixed for 1 min.

The fresh paste was, once more, mechanically mixed for 1.5 min.

w»ok wn

The fresh paste was cast into pieces (40x40x40 mm), on metallic moulds, and vibrated for 2
min using an electric vibrator.
6. The specimens were covered with a plastic film and kept at ambient temperature during the

first 24 h of curing.
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7. All the specimens were unmoulded and introduced into the climatic chamber (20 °C and 65

% RH) until the 7™ and 28™ curing day.

Table 3.7. Compositions of specimens and designation.

Mixture Proportion (g)

Specimen -
Name  BFS  Waste . . Sang Y ater/Binde
Sodium metasilicate r

R 100 - 0.38
PG5 95 5 0.37
PG10 90 10 0.36
PG20 80 20 10 - 0.38
CWS5 95 5 0.38
CWSI10 90 10 0.39
CWSs10 90 10 0.38
M 100 - 0.71
MPG10 90 10 10 400 0.71
MCWSs10 90 10 0.71

3.4.2.3 Materials characterization

The raw materials used to prepare the geopolymer specimens were analysed by different analytical
techniques 1) X-ray fluorescence (XRF), on a Philips Xert PRO MPD spectrometer, used to
determine the major elements (as oxides); 2) X-ray diffraction (XRD), with a Panalytical X’Pert
PRO? diffractometer and X'Pert HighScore Plus software to identify crystalline phases; 3) The
particles size distribution was determined by laser diffraction technology using a HORIBA Scientific
LA-960V2 analyser, working from 10 nm to 3000 um; 4) Scanning electron microscopy (SEM,
Hitachi S4100), used to study the microstructure and morphology of the samples.

3.4.2.4 Geopolymer characterization tests

The fresh pastes were subjected to three tests: 1) flow table test was used to assess the consistency
of the paste, in agreement with the EN 1015-3 standard (CEN: European Committee for
Standardization, 1998); 2) setting time (initial and final) was determined using the Vicat apparatus,
according to the EN 196-3 standard (CEN: European Committee for Standardization, 2005); 3) The
calorimetry test was performed to evaluate the temperature evolution upon the first 24 h of curing.

In this test, the relative humidity and temperature were controlled being 65 % and 20 °C, respectively.

After 7 and 28 days of curing, the compression strength of the samples was determined using a
Universal Testing Machine (Shimadzu AG-25TA) with a displacement rate of 0.5 mm/min,
according to the EN 1015-11 standard (CEN: European Committee for Standardization, 1999). The
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water absorption of specimens was measured by weight variation after total immersion in water for
24 h. The capillary coefficient was determined by immersing one of the faces of each specimen in
5-10 mm water, according to the EN 1015-18 standard (CEN: European Committee for
Standardization, 2002c). The apparent density of specimens was also determined, by measuring their
mass and volume (cubic regular shape). In all those tests, three replicates were used, and the

respective deviation error was calculated.

Further, the geopolymer specimens were characterized after 28 days of curing by some of the
previous analytical techniques (XRD and SEM). Additionally, attenuated total reflection Fourier
transform infrared spectroscopy (FTIR-ATR), performed on a Perkin Elmer SPECTRUM BX FT-IR
apparatus, was used to determine the vibrational-bonds (functional group) formed in the geopolymer.
The spectra were obtained over the wavenumber range 4000—400 cm™', with an 8 cm™! resolution and

128 scans.

Finally, leaching tests were carried out following the EN 12457-2 standard (CEN: European
Committee for Standardization, 2002b) to evaluate the pollutants mobility on specimens cured for
28 days. The extraction fluid was distilled water at a liquid/solid ratio of 10 L/kg (£ 2 %). The
monolithic specimens were submerged in distilled water without agitation for 24 = 0.5 h. Then, the
solution was collected and measured in total reflection x-ray fluorescence spectrometer (TXRF — S2

PICOFOX 50 keV), with detection limit raging in the ppb.

3.4.3 Results and Discussion

3.4.3.1 Raw materials characterization

The chemical composition of the materials used as precursors (BFS, PG and CWS) are presented in
Table 3.8. The BFS sample is majorly composed of CaO, SiO; and Al,Os (approximately 47 wt.%,
33 wt.% and 9 wt.%, respectively), enabling its use as a solid precursor in the synthesis of
geopolymers as reported recently (Gongalves et al., 2021). MgO and SOs are present in lower
proportions (approximately 7 wt.% and 2 wt.%, respectively). PG and CWS also presented a high
concentration of CaO (about 40 wt.% and 69 wt.%, respectively), but the amount of SiO, and Al,O3
is very low (around 2.4 wt.% and 0.40 wt.%, respectively). As expected, PG is very rich in SO;
(around 52 wt.%), while F~ concentration is 3.3 wt.%. In CWS Fe,03;, MgO, SOs; contents exist in
proportion between 15-3 wt.%. Furthermore, CWS contains As (around 3.4 wt.%) as the main trace
(and hazardous) element, and others such as Ba, Cu, Pb, Sb, Sr, and Zn in a concentration less than

1 %. The EN 197-1 standard does not specify the admissible amount of these elements.
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Due to the lack of standards for geopolymers, the EN 197-1 standard (CEN: European Committee
for Standardization, 2000) was used to define the composition, specification and conformity criteria.
The loss on ignition (LOI) of a mixture must be lower than 5 %, and this limits the maximum
admissible level (14 wt.%) of CWS that shows LOI of 35 %. This limit assures that chlorides content
is below 0.10 wt.%. SO; content can vary between 3.5-5 % depending on the application. SO3 content
was acceptable in BFS and CWS, but is much higher in PG, limiting its admissible incorporation

amount to 10 wt.%.

Table 3.8. Chemical composition of the materials used in the preparation of geopolymers, estimated by
XRF (major components represented as oxides).

BFS PG CWS BFS PG CWS
Major Minor
Components wt. % Components wt. %
AlLOs 9.1 0.40 0.40 As - - 34
CaO 47 40 69 Ba 0.06 0.02 0.80
Fex0Os 0.33 0.23 15 Ce 0.04 - -
K>O 0.58 0.03 - Cl 0.02 - 0.36
MgO 6.7 0.04 3.6 Cu - 0.01 0.65
MnO 0.21 - 0.09 F- - 3.3 -
Na,O 0.23 0.13 0.24 Pb - - 0.29
P05 0.01 0.95 0.14 Sb - - 0.06
SiO; 33 24 2.3 Sr 0.06 0.08 0.05
SO3 1.7 52 3.8 Zn - - 0.34
TiO, 0.80 0.04 - Zr 0.02 0.01 -

LOI 0.20 2.4 36

X-ray diffractogram of BFS, PG and CWS are shown in Fig.3.22. BFS is highly amorphous, as
indicated by the broad peak between 20° and 40° (26). Gypsum (CaSO42H>0) and calcite (CaCOs3)
were the identified crystalline phases. Intense peaks of gypsum are observed in PG. The crystalline
phases present in the CWS sample are calcite, gypsum, iron oxide hydroxide (Fe»;O31(OH)), and
portlandite (Ca(OH).).
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Figure 3.22. XRD patterns of the raw materials (BFS, PG and CWS) and the R2, PG10, PG20, SW10 and
SWs10 specimens. Minerals phases identified: Gypsum-CaSO4+2H>0 (m), calcite-CaCOs (A ),iron oxide
hydroxide-Fe;;03;(OH) (®) and portlandite-Ca(OH); (4).

The particle size distributions of precursor and wastes are shown in Fig. 3.23. The median particles
size (Dso) is 6.7 um, 10.8 um and 10.9 um, respectively, for BFS, PG and CWSs, being naturally
superior (34.7 um) for CWS. The milling of this waste adjusted the size distribution to the one of

PG. BFS shows a broader distribution, including finer particles than the wastes. The observed
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fineness assures high reactivity in the geopolymerization process. At the same time, fine particles fill

the existing space and assure high compactness (L. N. Assi et al., 2018; Sambucci et al., 2021).
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CWS 4.0 3438 192
CWSs 5.5 10.9 19.3

Figure 3.23. Particle size distribution of BF'S and wastes: PG and CWS.

SEM images of the wastes (PG and CWS) are shown in Fig 3.24. Gypsum particles in PG are easily
denoted by their typical tabular shape. By contrast, CWS particles have irregular shapes and tend to

form agglomerates.
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Figure 3.24. SEM images of PG and CWS.

3.4.3.2 Geopolymers characterization

3.4.3.2.1 Fresh state

Values of spread in the flow table for pastes and mortars are illustrated in Fig 3.25. The increasing
proportion of PG in the mixture (PG5, PG10 and PG20 with water-to-binder ratio (W/B) of 0.37,
0.36 and 0.38, respectively) enhances the flowability. This behaviour can be associated with the
calcium sulphate content of the residue since gypsum spreads easily. Additionally, free-sulphate
anions (SO4%) can react and consume the alkaline activator and hinder the geopolymerization process
(Lancellotti et al., 2015; Rattanasak et al., 2011). Although, the differences in flowability can also be
associated with the decrease of the amount of reactive precursors. The reactivity loss is also denoted
by the increase of the setting time (Fig. 3.26), again expected for a gypsum-rich component. Spread
values also tend to enhance with increasing amounts of CWS, denoting reactivity retarding
(Luukkonen et al., 2018a; Zhang et al., 2018). The setting time is, coherently, longer. These
differences are equally observed on mortars but seem less expressive than in pastes since effects are

attenuated by the presence of sand and the use of a larger W/B ratio (0.71).

According to EN 197-1 (CEN: European Committee for Standardization, 2000), the initial setting
values of the MPG10 and MSWs10 specimens seem appropriate for real applications without
requiring the use of setting retarders or accelerators. Common types of cement (CEM [to CEM V or

CEMI-SR 0 to 3) have an initial setting time between 40—60 min.
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Figure 3.25. Flow diameters of the specimens (pastes and mortars).

200
Blnitial 8Final

160 -

J—

(3%}

>
1

Setting time (min)
o
(—]

F
(=]
1

MPG10 MCWSs10

Figure 3.26. Setting times of prepared mortars.

Fig. 3.27 shows the temperature evolution of selected pastes during the first 24 h of curing. Two
exothermic peaks can be seen in all samples. For R specimen, the first peak occurred at about 15 min
after the mixing with water and is named pre-induction period. It corresponds to the wetting and

dissolution of the activator (metasilicate). On CWSs10 sample this peak has a similar magnitude but

125



CHAPER 3. RESULTS AND DISCUSSIONS

its maximum is observed after 30 min. On PG10 sample the peak has a much lower intensity,
confirming the reactivity decrease of the mixture caused by the presence of CaSO42H>0 and due to

a change in the alkalinity of the paste (Criado et al., 2018; Provis and Van Deventer, 2014).

On R sample a second peak is observed around 7 h after water addition, corresponding to acceleration
and deceleration periods that are associated with polymerization and condensation reactions (Criado
et al., 2018; Luukkonen et al., 2018b). SWs10 shows a similar peak, again slightly delayed with
respect to R. On PG10 sample this peak is again much less intense and the delay is more expressive
(about 5 h). These observations are in line with the discussed differences in the setting behaviour of

the various mixes.
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Figure 3.27. Calorimetry curves upon the first 24 h of curing for selected specimens: R, PG10 and CWSs10.

3.4.3.2.2 Hardened samples

Fig. 3.28 shows the compressive strength of the studied specimens cured for 7 and 28 days. Pastes
presented higher mechanical resistance (3x more in general) than the corresponding mortars, an
expectable behaviour since aggregates are not reactive and binder: aggregates ratio used was 1:4. In
general, there is a strength gain from 7 to 28 days, only the CWSs10 paste reveals an unexpected

drop.

R specimens show a compressive strength of about 79 MPa after 28 days of curing. The substitution
of BFS by the two wastes induces a decrease of the mechanical resistance that tends to be intensified

when their amount rises. The strength of the geopolymer is associated with the solubility of alumina
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and silica from precursor (BFS). PG contains calcium sulphate that decreases the dissolution of BFS
and alters the gel formation. PG5 shows 67 MPa while PG20 reached only 19 MPa after 28 days of
curing. Looking at the specimens with CWS, relatively high compressive strength is observed for
CWSS5 and CWS10 samples, over 50 MPa. However, the CWSs10 specimen, prepared with sieved
(< 63um) sludge, shows a drop from 56 MPa to 31 MPa between the 7™ and 28" curing days.
Microcracking was observed in these samples (see Fig. S3.22, in supplementary materials, Annex
1.4) upon curing/drying between the two mentioned dates, as a result of the higher compactness of
the material that might difficult the microstructural evolution during the polycondensation process
(Lee et al., 2016; Luukkonen et al., 2018a). This paste also required a higher amount of water to
achieve the desirable flowability, as a consequence of the higher fineness of sieved sludge particles.

More water will then be removed upon drying, causing higher shrinkage.

Compressive strength values of 26 MPa, 21 MPa, and 13 MPa were obtained for M, MCWSs10 and
MP10 mortars, respectively. These values are admissible for applications in construction. Following
the EN-1992-1-1 (CEN: European Committee for Standardization, 2004) mortar can be used in
structural applications, while the others (strength values between 10-25 MPa) could be employed as
non-structural material. These values can be improved in further trials, by playing with the binder:
aggregates ratio and adjusting the particle size distributions. The mortars can be seen in Fig. S3.23,

in the supplementary material, Annex [.4.
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Figure 3.28. Compressive strength at 7 and 28 days of curing of geopolymer: pastes and mortars.

The apparent density of the studied specimens, as well as their water absorption by total immersion

are shown in Fig 3.29.
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Figure 3.29. Apparent density and water absorption by total immersion of samples cured for 28 days.

The apparent density of pastes and mortars varied between 1.9-2.1 g/cm®. The apparent density of R
is 2.02 g/cm?. Looking at the specimens with PG, the incorporation of 5 wt.% of PG (PGS5) slightly
increased the apparent density (2.06 g/cm?) in comparison with R, but when 10 wt.% and 20 wt.%
(PG10 and PG20) was incorporated apparent density decreased to 1.91 g/cm’. For samples with
CWS, the density slightly decreased from 2.00 to 1.97 g/cm® when 5 wt.% and 10 wt.% of sludge
was incorporated. CWSs10 specimen (sieved at 63 pm) is slightly denser (2.06 g/cm?), confirming
its higher compactness. Differences between the prepared mortars (M, MPG10 and MCWSs10) are

coherent with the variations of the respective pastes.

Water absorption is directly related to the open porosity of the samples. In general, denser pastes
tend to absorb less water. The only exception is the CWSs10 sample, due to the above-mentioned
formation of microcracks. All mortars show more expressive water absorption values since the use
of coarser aggregates tend to create porosity. This also explains their lower mechanical resistance, as

already discussed in Fig 3.28.

Most of the prepared specimens show good quality since the water absorption is less than 3 %. Only
those specimens that exhibit water absorption values greater than 5 % might have notorious
compressive strength deterioration (Vilarinho et al., 2021; Yahya et al., 2017). For conventional
(two-part) geopolymers, reported water absorption values are between 5 and 11%. (Mermerdas et al.,

2017; Novais et al., 2018).

Fig. 3.30 illustrates the data of the performed capillarity tests. The capillarity coefficient of the

specimens was determined through the slope of the straight line linking the representative points of
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the measurements done at 10 min and 90 min. The capillarity coefficient of M, MPG10 and
MCWSs10 is 0.08 kg/m’min®®, 0.09 kg/m’min®3 and 0.10 kg/m’min®>, respectively. These results
agree with the ones reported in a previous work (Gongalves et al., 2021) and are lower than those
reported for OPC mortars (0.5-0.9 kg/m’min®3) (Deboucha et al., 2017; Mobili et al., 2020), and for
conventional geopolymers (0.3-0.5 kg/m’min®3) (Mobili et al., 2020; Novais et al., 2018; Saeli et
al., 2019).
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Figure 3.30. Capillarity of mortars after 28 days of curing.

The X-ray diffraction patterns for the most representative specimens are shown in Fig.3.22. Gypsum
(CaS04-2H20) and calcite (CaCOs) were the only two crystalline phases identified in the R, agreeing
with the crystalline phases identified in BFS. In PG10 specimen calcite has the only detected
crystalline phase, while in PG20 CaSO4-2H,0O was also detected. In CWS10 sample gypsum, calcite
and bernalite (Fe(OH);) were detected, but this last phase was not identified in CWSs10. These data
suggested that identified crystalline phases can be inherited from raw materials (that remain partially
unreacted), or might result from recrystallization after the geopolymerization process (Luukkonen et

al., 2018b; Madai et al., 2015; Novais et al., 2018).

Geopolymerization products are mainly amorphous, like cement hydrates. FTIR-ATR spectra of the
most representative specimens after 28 days of curing are shown in Fig. 3.31. Absorption bands
located between 3000—-1647 ¢cm™ correspond to stretching vibrations of O-H and O-H-O groups,
indicating the presence of water molecules (Abdollahnejad et al., 2015; Qiu et al., 2019). The peak
observed around 1398 cm™ is probably due to the asymmetric stretching of the O-C-O bonds,
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suggesting the presence of calcite from the raw materials (BFS or CWS) or superficial carbonation
of the specimens during curing (Bernal et al., 2011; Buruberri et al., 2019; Qiu et al., 2019).
Absorption bands located between 1130-1040 c¢cm™ are attributed to the asymmetric stretching
vibrations of the Si-O-T bonds (T = Si or Al tetrahedral units), indicating the formation of a
geopolymeric structure (Bernal et al., 2011; Buruberri et al., 2019; Gongalves et al., 2021; Hakem
Aziz et al., 2020; Qiu et al., 2019). The absorption bands between 803—761cm™ are related to the Al-
O and Si-O symmetric stretching vibrations and the bands around 626-523 cm™ are assigned to the
symmetric stretching vibrations of Si—O-Si and Al-O-Si group, corresponding to the formation of a
geopolymeric network (Kumar and Kumar, 2011; Panias et al., 2007; Qiu et al., 2019). The change
in the peaks intensity is probably associated with the structural reorganization of geopolymer matrix,
giving information on the polymerization degree (Kumar and Kumar, 2011; Qiu et al., 2019). In
Fig.3.31 can be seen that the polymerization degree of the PG10 and PG20 specimens is smaller than
in SW10 and SWs10 specimens. Whereas R samples had a greater polymerization degree. Observing
the peaks intensity, it can be concluded that water content decreased R< CWS10< CWSs10< PG10
< PG20.
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Figure 3.31. FTIR-ATR spectra of specimens without sand: R, PG10, PG20, CWS10 and CWSs10

Fig. 3.32 shows the microstructure of the most representative specimens after 28 days of curing. In
general, crystalline phases were not observed in geopolymeric materials. All specimens presented a
heterogeneous microstructure composed of geopolymerization gel and partially reacted or unreacted

particles. The relative volume of unreacted particles rises with the increase of PG content
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(PG20>PG10) and decreases with the use of finer/sieved CWS (CWS10>CWSs10). Also, a smaller
volume of unreacted particles was observed in the reference material (R). A large amount of
unreacted particles implies a lower polymerization degree, which affects the compressive strength
(Qiu et al., 2019; Yousefi Oderji et al., 2019). Furthermore, there are microcracks present in the

specimens, deserving a future change of the curing conditions (Luukkonen et al., 2018b).

Figure 3.32. SEM images of the specimens: R, PG10, PG20, CWS10 and CWSs10.
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3.43.3 Leaching test

The leaching test results are shown in Table 3.9. The leaching test determined that the reference
specimens (R and M) and PG specimens (PG5, PG10 and WPG10) produce leachates with low
contents of pollutants, according to the thresholds established in the Directive 2003/33/EC (Council
of the European Union, 2003), which defines the threshold concentration for non-hazardous (NHM)
and hazardous materials (HM). In PG specimens, the leached amount of S (as SO4*) is moderately
high but does not exceed the established thresholds. CWS-containing samples can be considered
hazardous since the leached concentration of As exceeds 2 mg/kg. Only the CWSs10 sample is in
the limit, certainly because of its higher compactness. This occurs despite the identification of
microcracks in the sample. However, the higher porosity of the mortar formulated with that paste
(MCWSs10) responds for the high leached amount from this sample. Consequently, the
immobilization of As in such geopolymer matrixes may be possible, but further studies are necessary

to determine the optimal processing conditions (e.g., fineness of components, curing conditions, etc).

Fernandez-Jiménez et al. (Fernandez-Jiménez et al., 2005) studied the fixation of arsenic in
cementitious material activated by alkali, also obtaining a high content of leached As (50-90 mg/L).
These values are higher than the content of leached As for all the specimens studied. However, it is
essential to note that they used the TCLP method (U.S, 1992). Alvarez-Ayuso et al. (Alvarez-Ayuso
et al., 2008) obtained that elements, such as Ni, Cu, Zn and Pb, had low leaching (< 0.2 mg/kg) and
oxyanions (As, Se, Sb) had higher leaching (> 0.2 mg/kg), especially high release increases were
found for As. These results are in agreement with the data found in this work. In addition, some
studies confirmed that a low porosity one favours the immobilization of oxyanions, which is in line
with As leaching (Alvarez-Ayuso et al., 2008; Provis and Van Deventer, 2014; Vu and Gowripalan,
2018).
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Table 3.9. Leaching results for all specimens. The concentration is expressed in mg of element leached per kg of
original material, according with Directive 2003/33/EC. Colour system: elements that are below established
thresholds (green), close (vellow), above (red) and other elements leached (blue).

R PG5 PG10 PG20 CWS5 CWS10 CWSs10 M MPG10 MCWSs10 NHM HM

Element mg/kg

300

25000
70
100

30
40
50

SO42_

200

3.4.4 Conclusions

Blast furnace slag-based one-part geopolymers were successfully processed showing interesting
mechanical properties. Two hazardous wastes, copper wastewater sludge (CWS) and
phosphogypsum (PG), partially substituted BFS in the geopolymer formulations, aiming to

immobilize the hazardous species of the wastes. In particular, As from CWS is a challenging element.

PG-containing pastes (PG5, PG10, PG20) denote an expressive compressive strength reduction, from
67 MPa to 19 MPa, due to the presence/role of calcium sulphate in the waste. The setting is delayed
and spread increases with PG amount. The MPG10 mortar also shows a large reduction (50 %) in
the mechanical resistance when compared with the reference mortar (26 MPa). In this case,

constructions applications are envisaged.
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In CWS-containing pastes, the increase of sludge content from 5 to 10 wt.% did not alter the
compressive strength of the specimens (value around 50 MPa). The attempt to improve the
compactness of the samples by using sieved sludge (CWSs10) generated microcracks upon
drying/curing, and the mechanical strength reduced to 31 MPa. The corresponding mortar has 21
MPa which can be applied for contractions sector. In the fresh state, samples show properties (setting

time and spread on flow table) similar to the reference, being the calorimetric behaviour also close.

The leaching tests showed that pastes and mortars immobilize the hazardous species of the wastes,
excepting As from CWS. Only the highest compact paste (CWSs10) leached 2 mg/kg of As, a value
that coincides with the threshold limit for non-hazardous materials. Further studies are necessary to
determine the optimal processing conditions (e.g., fineness of components, curing conditions, etc.)

to increase the immobilization efficiency.
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4.1 CONCLUSIONS

This chapter presents a summary of the main conclusions obtained in this doctoral thesis. The central
objective has been to evaluate and develop possible valorisation lines for different wastes and/or
secondary materials from a copper metallurgical complex. The studied materials were sludge
scrubber (SS), sludge from converters (SC), electrolyte sludge (ES), and copper wastewater sludge
(CWS).

The main conclusions are the following:

1. The physical, chemical, mineralogical, and microstructural characterisation of the sludges
under the study, as well as the evaluation of mobility of pollutants, provided essential

knowledge to identify possible applications and valorisations lines.

2. SS and SC had a high Pb content (> 20 % w/w), mainly as anglesite (PbSO4), and SS also
presented a high Se content (> 30 % w/w) as metallic selenium. Therefore, SS could be an
important secondary source of selenium, while both sludges can be considered a significant
secondary source of lead. The treatment proposed for Se-Pb recovery consists of Se
extraction from SS by a roasting process, and the calcined Pb-rich residue is mixed with SC
to recover Pb by hydrometallurgy route. Thus, the procedure proposed for Se-Pb recovery
could be an attractive option for managing these hazardous wastes, which could have

remarkable economic and environmental benefits compared to their disposal in landfills.

3. Electrolyte sludge (ES) had a high Cu content (= 50 % w/w) as domeykite (CuszAs), cuprite
(Cuz0), Cu metal and copper sulphate hydrate (CuSO4xH,0). ES also contained a high As
content (= 10 % w/w), mainly as CuszAs. Therefore, ES could be an important secondary
source of Cu, but As content should be removed to avoid reprocessing and valorisation

problems.

4. For the Curecovery, ES dissolution was chosen, which was achieved using an acid medium,
H>SO4 (1.4 M)/HNOs (1.8 M), and a solid-to-liquid ratio of 1:20 g/mL. Subsequently, two
lines of research were carried out: a) Arsenic removal from the ES solution by precipitation
with iron, and then copper recovery from the arsenic-free solution; b) Copper recovery from

the ES solution by an evaporative crystallisation, and then arsenic precipitation.

5. In arsenic removal experiments, about 70 % of As is removed from the ES solution by
precipitation as ferric arsenate. However, about 50 % of Cu was also co-precipitated,

suggesting copper should be previously recovered. Furthermore, the ferric arsenate formed
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leached a high As and Cu concentration, which exceeded the thresholds established for their
disposal as hazardous material in a controlled landfill (25 mg/kg of As and 100 mg/kg of

Cu). Thus, inertization and/or valorisation of the formed solid are needed.

In the copper recovery experiments, more than 90 % of the copper was recovered as copper
(IT) sulphate pentahydrate (CuSO4+5H,0O) by a traditional evaporative crystallisation.
However, the copper sulphate obtained had a significant concentration of impurities, mainly
As. The crystals of CuSO45H,0 can be recycled back to the smelting or electrorefining
process or commercialised for other applications (agriculture, antiseptic agent, electroplating
processes, etc.). In this case, the copper sulphates must be purified to reduce their impurities
to the level suitable for commercialisation (> 99.99 % w/w). Moreover, 70 % of As
precipitated as As,Os, getting a drastically As reduction from that which is currently returned
to the process. Nevertheless, further research on the stabilisation and/or valorisation of As,O3

are needed.

As>O3; was formed with the CuSO45SHO crystals during the evaporative crystallization
process. These were separated by a mechanical method. However, this separation was not
efficient because traces of As,O3; remained in copper sulphate crystals and was impossible
when the particles of As;O3 and CuSO4-5H>0 had a similar size. Thus, a purification process

should be designed in order to achieve a high purity of CuSO4-5H20.

Copper wastewater sludge (CWS) presented a high concentration of CaO (= 70 % w/w ) and,
in a minor proportion, contained SiO», Fe;O3, MgO, SO; (15-1 % w/w) and Al,Os (= 0.4 %
w/w). In addition, CWS presented As (= 3.4 % w/w) and other elements such as Ba, Cu, Pb,
Sb, Sr, and Zn in traces concentration (< 1 % w/w). This material contained several mineral
phases: calcite (CaCOs3), gypsum (CaSO4-2H,0), portlandite (Ca(OH),), and iron oxide
hydroxide (Fe»1031(OH)). For CWS, the proposed valorisation and/or immobilisation line
was to use it as raw material in geopolymer materials, which are currently recognized as a
potential alternative to ordinary Portland cement (OPC) based materials since it has a lower

carbon footprint.

The geopolymers obtained (pastes and mortars) had an excellent compressive strength (50—
20 Mpa), considering admissible for construction application. Only the most compact paste
(CWSs10) leached 2 mg/kg of As, a value that coincides with the threshold limit for non-
hazardous materials landfill disposal. But further studies are necessary to determine the
optimal processing conditions (e.g., fineness of components, curing conditions, etc.) to

increase the immobilization efficiency.
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4.2 CONCLUSIONES

En esta seccion se presentan un resumen de las principales conclusiones obtenidas en esta tesis
doctoral. El objetivo principal ha sido evaluar y desarrollar posibles lineas de valorizacion para
diferentes residuos y/o materiales secundarios procedentes de un complejo metalurgicos de obtencion
de cobre. Los materiales estudiados fueron: torta del lavado de gases (TLG), finos de convertidores

(FC), torta del electrolito (TE), y lodos de la planta de tratamiento de efluentes liquidos (LPTEL).

Las principales conclusiones son la siguientes:

1. Las caracterizacion fisica, quimica, mineraldgica y microestructural de los materiales en
estudio, asi como la evaluacion de la movilidad de los contaminantes, proporciona una

informacion esencial para identificar las posibles aplicaciones y lineas de valorizacion.

2. TLGy FC tuvo un alto contenido en Pb (> 20 % p/p) principalmente en forma de anglesita,
y la TLG presento ademas un alto contenido en Se (> 30 % p/p) en forma metalica. Por lo
tanto, TLG podria ser una importante fuente secundaria de selenio, mientras que ambos
residuos pueden considerar una importante fuente secundarias de plomo. El tratamiento
propuesto para la recuperacion de Se-Pb consiste en una extraccion de selenio mediante un
proceso de tostado y luego el residuo calcinado rico en Pb se mezcla con FC para recuperar
el Pb por un proceso hidrometalurgico. El procedimiento propuesto para la recuperacion de
Se-Pb podria ser una alternativa atractiva para la gestion de estos residuos peligrosos, la cual
podrian suponer notables beneficios econdmicos y ambientales en comparaciéon con su

disposicion en vertederos.

3. TE tuvo un alto contenido en Cu (= 50 % p/p) en forma de domeiquita (CuzAs), cuprita
(Cu20), Cu metalico y sulfato de cobre hidratado (CuSO4 -xH,0), y una alta concentracién
de As (= 10 % p/p), principalmente como CuzAs. Por lo tanto, dicho material podria ser una
importante fuente secundaria de Cu. Sin embargo, el contenido de As deberia ser eliminado

para evitar problemas durante su reprocesamiento o valorizacion.

4. Para la recuperacion de cobre, se decidio disolver TE, la cual se logré usando un medio
acido, H>SOs (1.4 M)/HNOs (1.8 M), y una relacion solido-liquido 1:20 g/mL.
Posteriormente, se llevaron a cabo dos lineas de investigacion: a) Eliminar el As de la
disolucion de TE mediante una precipitacion con hierro y luego recuperar el Cu de disolucion
libre de arsénico; y b) Recuperar el cobre de la disolucion de TE mediante una cristalizacion

evaporativa y luego precipitar el arsénico.
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En los experimentos de eliminacion del arsénico, en torno a un 70 % del As presente en la
disolucién de TE se elimind como arseniato de hierro (III) mediante una precipitacion con
hierro. Sin embargo, alrededor del 50 % del Cu también co-precipito junto al As, sugiriendo
que el cobre deberia recuperarse previamente. Ademas, el arseniato férrico formado lixivia
altas concentraciones de Asy Cu, la cuales superan los limites establecidos para su depdsito
en vertedero controlados de materiales peligrosos (25 mg/kg de As and 100 mg/kg de Cu).

Por lo que, la inertizacion y valorizacion de los soélidos formados son necesaria.

En los experimentos de recuperacion del cobre, mas del 90 % del Cu contenido en la
disolucion de la TE se recuperd como sulfato de cobre (II) pentahidratado (CuSO4-5H>0)
mediante un proceso de cristalizacion evaporativa. Sin embargo, los cristales de sulfato de
cobre obtenido contienen una significativa concentracion de impurezas, principalmente As.
Estos pueden ser recirculados a la fundicion o al proceso de refino electrolitico, o ser
comercializado para otras aplicaciones (agricultura, agente antiséptico, procesos
galvanoplasticos, etc.). En este caso, el sulfato de cobre deberia ser purificado hasta reducir
sus impurezas a un nivel adecuado para su comercializacion (> 99,99 % p/p). Ademas,
alrededor del 70 % del As se elimind durante dicho proceso, en forma de As;Os,
obteniéndose una reduccion considerable del As que actualmente se devuelve al proceso. No

obstante, se necesitan mas investigaciones sobre la estabilizacion y/o valorizacion del As2Os.

As203 se formo junto a los cristales de CuSO45H>O durante el proceso de cristalizacion
evaporativa. Estos fueron separados por un método mecéanico. Sin embargo, la separacion no
fue efectiva y quedaron trazas de As>O; en los cristales de CuSO45H>0. Ademas, la
separacion fue imposible cuando las particulas de As;O3 y CuSO4-5H20 tenian un tamafio
similar. Por lo tanto, se debe estudiarse un proceso de purificaciéon mas efectivo para lograr

una alta pureza de CuSO4 5H20.

LPTEL present6 una alta concentracion de CaO (= 70 % p/p) y en menor proporcion contenia
Si0,, Fe;0s3, MgO, SO; (15-1 % p/p) y Al,Os (= 0.4 % p/p). Ademas, presento As (= 3.4 %
p/p) y otros elementos como Ba, Cu, Pb, Sb, Sr y Zn en concentraciones traza (< 1 % p/p).
Este material contenia varias fases minerales: calcita (CaCOs3), yeso (CaSO42H20), y
portlandita (Ca(OH),) y oxihidréxido de hierro (III) (Fe21O31(OH)). Para LPTEL, la linea de
valorizacion y/o inmovilizaciéon propuesta fue usarlo como materia prima en la fabricacion
de geopolimeros, materiales que actualmente son considerados como una potencial
alternativa a los materiales basados en cemento Portland ordinario (OPC), ya que tiene una

huella de carbono mas baja.
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9. Los geopolimeros obtenidos (pastas y morteros) tuvieron una excelente resistencia a la
compresion (50-20 Mpa), considerandolos admisibles para aplicaciones de construccion.
Soélo la pasta mas compacta (CSWs10) lixivid 2 mg/kg de As, valor que se encuentra en el
limite establecido para la admision de materiales en vertederos de residuos no peligrosos.
Sin embargo, son necesarios mas estudios para determinar las condiciones Optimas (ej.
tamafio de particula de lo componentes, condiciones de fraguado, etc.) con el fin de

incrementar la eficiencia de inmovilizacion.
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4.3 FUTURE RESEARCH LINES

The findings of this doctoral thesis point out the future research lines, such as:

1.

To design and develop experiments to evaluate the proposed alternative to reuse the SC and
SS residues as secondary sources of Se and Pb.

To perform optimization experiments of the copper recovery process, such as CuSO4:5H,0,
focusing on obtaining a copper sulphate pentahydrate with high purity (> 99.99%) for
commercialization. For that purpose, first As>O3; and CuSO4-5H,0 should be separated by
dissolving copper sulphate in water since arsenic trioxide is almost insoluble, and then the
dissolution should be conducted to several recrystallization steps until reaching the desired
purity.

To conduct experiments of stabilization of As,Os; by iron precipitation as scorodite
(FeAsO42H,0) after Cu recover.

To determine the optimal conditions (e.g., fineness of components, curing conditions, etc.)
to increase the immobilization efficiency in the geopolymer specimens. In addition, study

the mobility of pollutants in the short and long time.
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ANNEX I.1. SUPPLEMENTARY MATERIAL OF SUBCHAPTER 3.1
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Fig. 83.1. X-ray diffraction (XRD) pattern of sludges. Mineral phases identified: Anglesite- PbSOy4 (A) and

Selenium- Se (S). n. d= no detect.
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Fig. §3.2. Secondary electron image of SS region and distribution of Se, Pb, S, Hg, As, Cu, Sn and Cd.
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Fig. S3.3. Secondary electron image of a SC region and distribution of S, Pb, Fe, As, Bi, Cu, Zn and Sn.
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Size (um) Type SS (%) SC (%)

Average concentration Cumulative Global Average concentration Cumulative  Global
<4 Clay 11+4 11+4 11+4 34+4 34+3 34+3
4-8 35+6 46 +7 20.1+1.3 54.1+£3.1
8-16 38+3 84 £8 12.8+0.8 66.9+3.2

Silt 87+8 2+3
16-32 11+4 95+9 15.6+0.8 82.5+£33
32-62 2.1+09 97.1+9.2 13+3 95.5+43
62-125 1.9+1.3 99.0+9.3 42415 99.7+4.5
125-250 0.36+0.36 99.4+93 0.33+0.14 100.0 4.6
24413 +1.5
250-500 0.13+0.13 99.5+9.3 0.13+£0.13 100.0 £ 4.6
500-1000 0.07+0.07 100.0+9.3 0.03+0.04 100.0 4.6
1000-2000 - - - -

Table S3.1. Average grain-size and cumulative distribution (%V) of the studied samples. Note: Standard uncertainty
(1 o) calculated as the standard deviation of the mean o = S,/ (n)*/?, where “n=3""is the number of samples

analysed.
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Process Advantages Disadvantages
High or moderate* energy consumption
Large number of stages

Soda Roasting No volatilization of Se

Large liquid effluents
Recycling of much of the solution

Long reaction time
Acceptable efficiency of Se recovery

Extremely corrosive solutions*

High energy consumption
No volatilization of Se

High oxygen consumption
Lower number of stages

High NaOH consumption
Alkaline Autoclaving Low corrosiveness

Large liquid effluents
Acceptable efficiency of Se recovery

Reacts with all metal sulphates

Long reaction time

High efficiency of Se recovery

Moderate energy consumption
Lower number of stages

Long reaction time

Sulphating Roasting Highly pure (> 99.5 %)
Large gaseous effluents
Uses only H2SO4 as reagent
Modest sulphuric acid consumption
Regeneration of sulphuric acid
Moderate energy consumption
High efficiency of Se recovery Long reaction time
Oxidizing Roasting Lower number of stages High oxygen consumption

Highly pure (> 99.5 %)

Moderate gaseous effluents

Requires Se reduction stage

Chlorination Process

No volatilization of Se
High efficiency of Se recovery
Modest reagent consumption

Short reaction time

Moderate energy consumption

Large number of stages

Losses of Se

Moderate gaseous and liquid effluents

Requires a purification stage

Table S3.2. Advantages and disadvantages of currently applied processes in primary copper refineries to

recover of selenium. Note: Soda roasting uses two processes for Se recovery: process 1 by crystallization, and
process 2 (*) by precipitation.
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ANNEX. I. SUPPLEMENTARY MATERIALS

Exp. ID O);igd:lslitng " i/li»l) [H(zl\S/[()h] [H(l;[())ﬂ &a:n tl'll(l)\;; time (h) Tem?oecr;lture DiSSOIItlltli:lE gf?;j)ency of Note
N-1.0-1.8-A Nitric acid 1/20 1.8 1.0 - 12 24 65.13 Low dissolution efficiency of the ES.
N-1.2-1.8-A Nitric acid 1/20 1.8 1.2 - 12 24 98.85
N-1.2-1.8-A-R Nitric acid 120 1.8 12 - 12 24 98.88 Total dissolution of ES. Additionally, precipitation of
N-1.4-1.8-A Nitric acid 1/20 1.8 1.4 - 12 24 100.0 copper sulphate was observed
N-1.6-1.8-A Nitric acid 120 1.8 1.6 - 12 24 100.0
N-1.4-1.6-A Nitric acid 120 1.6 1.4 - 12 24 91.77 High dissolution efficiency of the ES.
N-1.6-1.6-A Nitric acid 1720 1.6 1.6 - 12 24 99.36 Total dissolution of ES. Additionally, precipitation of
N-1.6-1.6-A-R | Nitric acid 1/20 1.6 1.6 - 12 24 99.81 copper sulphated was observed
N-1.2-1.4-A Nitric acid 1/20 1.4 1.2 - 12 24 37.12 Low dissolution efficiency of the ES.
N-1.4-1.4-A Nitric acid 1/20 1.4 1.4 - 12 24 87.75 o . .
o High dissolution efficiency of the ES.
N-1.6-1.4-A Nitric acid 1/20 1.4 1.6 - 12 24 90.16
N-1.8-1.4-A Nitric acid 120 1.4 1.8 - 12 24 99.40 Total dissolution without precipitation of the copper
N-1.8-1.4-A-R | Nitric acid 1/20 1.4 1.8 - 12 24 98.94 sulphate was observed.
N-1.8-1.4-B Nitric acid 1/20 14 1.8 - 2.5 50 99.97
N-1.8-1.4-B-R Nitric acid 120 14 1.8 - 2.5 50 99.95 Optimization experiment
N-1.8-1.4-B-RR | Nitric acid 1/20 14 1.8 - 2.5 50 99.96
A-2-2-C Air 1/20 2.0 - 2 2.5 80 32.02
A-2-2-C-R Air 1/20 2.0 - 2 2.5 80 31.93
A-2-4-C Air 1/20 4.0 - 2 2.5 80 32.87 o o
saer | w0 a0 o2 a5 w
A-2-6-C Air 1/20 6.0 - 2 2.5 80 32.90
A-2-6-C-R Air 1/20 6.0 - 2 2.5 80 32.96
A-2-10-C Air 1/20 10.0 - 2 2.5 80 28.45
0-8-2-C Oxygen 1/20 2.0 - 8 25 80 64.29 Increasing oxygen flow increased the dissolution
efficiency of the electrolyte sludge, but it did not
0-8-2-C-R Oxygen 1/20 2.0 - 8 2.5 80 67.04 dissolve completely

Table S3.3. Summary of ES dissolution experiments.
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Artificial solution

Exp. ID Fe/As mole ratio Iron source Oxidizing Agent Basic Agent Stage Reaction time by stage
N djust of pH El-A 1.5 Fe’* - - 1 6h
onaastorp E1-B 15 Fe>* Air - 1 8h
. E2 1.5 Fe?* Air Ca(OH), 3 3h
Adjust of pH E3 15 Fe* Air Mg(OH), 3 3h
Electrolyte sludge solution
. E4 1.7 Fe* Air Mg(OH), 4 3h
Adjust of pH E5 17 Fe?* Air Ca(OH); 4 3h
Table S3.4. Experimental conditions for arsenic removal.
Major element (%) XRD Precipitation (%)
Exp. ID Fe** source Colour Method As Cl Fe S As Fe
Yellow brown (After drying of the . No
El-Al FeCl; solid at 60 °C change to dark brown) Reproducible 320 24 - scorodite 120 8
) Beige (After drying of the solid at . No
E1-A2  Fex(S04)37H,0O 60 °C change to brown) Reproducible 36 - 22 1 scorodite 53 43

Table S3.5.. Summary results of Fe’* experiments.
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Fig. §$3.4. Experimental equipment using dissolution of ES. (a) With HNO3 and (b) with Air or O,. Bubbler
system consists of a lid with holes through which 16 equidistant glass tubes are inserted for a homogeneous
distribution of the air/O;. The O; is injected from oxygen bottles.
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Fig. $3.5. Chemical composition (mg L) of the ES solutions obtained in each representative experiment.
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Fig. 83.6. Concentration of major elements in solution as a function of time for both types of experiments: E2-
E3, artificial solution, and E4-ES5, ES solution.
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Fig. §3.7. XRD pattern of ES. Mineral phases identified: Scorodite-FeAsO4+2H,0 (1)a and Gypsum-
CaSO42H>0 (2)
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? 28 % As; 20 % Fe; 52 % O
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E1-B z 35 N.D 24 41
S BED N.D 21 49

Fig. §3.9. SEM images of precipitates obtained in E1-B and E3. The table also shows the general composition
determined by EDS from the image located at the left.
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Fig. §3.10. XRD pattern of the experiments using ES solution. Mineral phases identified in E5: Gypsum-
CaSO42H0 (1). No mineral phases identified in E4.
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ANNEX 1.3. SUPPLEMENTARY MATERIAL OF SUBCHAPTER 3.3
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Fig. §3.12. Theoretical curve of copper recovery (%) as a function of the concentration factor.
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Fig. §3.13. Particle size distribution of the ES.
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Fig. 83.14. Trace elements in the ES. Standard uncertainty (1 6) calculated as the standard deviation of the
mean & = S,/ (N)Y2, where “n=3" is the number of samples analysed.
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Fig. §3.15.. X-ray diffraction (XRD) pattern of ES. Mineral phases identified: Domeykite-CuzAs (1), Cuprite-
Cu,0 (2), Copper metal-Cu (3) and Poitevinite-CuSO4+H>O (4).
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Fig. §3.16. TG-DTG-DTA curve and gases detected in the ES.
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Fig. §3.17. Scanning electron micrograph of ES general and specific particles. The table also shows the
general composition determined by EDS from the image located at the top left.
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Fig. §3.18. Scanning electron micrograph of ES specific particles.
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Fig. §3.19. Secondary electron image of ES region and distribution of As, Bi, Cu, Ni, Pb, S, Sb and Zn.
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Fig. §3.20. The solid precipitated in the sequential experiment.

Fig. §3.21. The solid precipitated in the non-sequential experiments.
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Size (um) Type ES (%)

Average concentration Cumulative Global
<4 Clay 79+2.1 79+2.1 79+2.1
4-8 17.2+3.1 25.1+£3.8
8-16 Silt 23.7+2.8 488 +4.7 85.04 58

16-32 26.0+0.7 748 +4.77
32-62 189+3.9 93.7+6.1
62-125 52+3.0 98.9+6.8
125-250 0.7+0.7 99.6 + 6.9
250-500 Sand 03+0.3 99.9+ 6.9 o33
500-1000 0.1£0.1 100.0 £ 6.9
1000-2000 - - '

Table S3.6. Average grain-size and cumulative distribution (% V) of the studied samples. Note: Standard
uncertainty (1 o) calculated as the standard deviation of the mean o = S,/ (n)Y/?, where “n=3"is the
number of samples analysed.

Major elements (g/L) Trace elements (ppm)
Exp. ID V(mL) As Cu S Bi Cr Ni Pb Sb Zn
Sequential S-5 52 8.2 15 97 720 <DL 430 20 330 16
NS-1 60 6.6 38 56 330 <DL 180 19 190 7.0
No . NS-2 50 7.5 28 56 360 <DL 210 22 220 8.1
sequential
NS-3 30 2.5 9.2 35 260 <DL 150 17 120 6.3

Table S3.7. Chemical composition of the final solutions in the copper recovery experiments. V (mL) is the final
volume. Detection Limit (DL= 0.2 ppm).

Impurities CuSO45H20 Product-type 2 (=99.9 %)

As 0.00017
Cd 0.00017
Ni 0.00033
Pb 0.001

Zn 0.0006

Table S3.8. Impurity levels (%) in the copper sulphate pentahydrate for products-type 2 (BPC: Biocidal
Product Committee, 2013).
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ANNEX 1.4. SUPPLEMENTARY MATERIAL OF SUBCHAPTER 3.4

Fig. §3.22. Paste specimens.
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Fig. §3.23. Mortar specimens.
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Abstract

Gas scrubbing sludge (SS) and fine dust of converters (SC) are wastes generated in the off-gas cleaning system of smelting
and converting processes. Both wastes are considered hazardous materials due to their high metal contents and leaching
characteristics. The main purpose of this study was to gain essential knowledge on the recovery of valuable elements con-
tained in these wastes. Thus, an exhaustive characterization was carried out to determine the composition, mineral phases,
particle size, and leachability of both wastes (SS and SC) as a preliminary step to select the most appropriate applications and
treatment for them. These wastes are composed of fine particles (~95% < 63 um), mainly containing Pb (>20%) as anglesite
(PbSO,), while SS presents a high concentration of Se (34%), which is mainly identified as metallic selenium. Therefore,
these residues could be used as secondary sources of Pb and Se. The recovery of Se by roasting process and Pb recovery by
hydrometallurgical route seem to be the best options for the management of these wastes.
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ARTICLEINFO ABSTRACT

Handling Editor: Derek Muir Commercial copper (Cu) is obtained by a hydro-pyrometallurgical process, where the Cu anodes obtained in the

furnaces (Cu > 99.5%) are enriched up to 99.99% in “cathodes” by electrorefining at an electrolysis plant. During

Keywords: this process, some impurities accumulate in the electrolyte, mainly arsenic (As), which decrease the quality of the

Elec_m’ly‘e sludge Cu cathode. For this reason, the electrolyte is sent to an electrolyte cleaning plant (ECP) for its purification.

:m':d‘_‘:semm Electrolyte sludge (ES) is produced in the last stage of purification and is recirculated back to the furnace due to
corodite

the high Cu content. This recirculation involves a severe problem of As accumulation in the industrial process.
The objective of this work was to develop a procedure to fully dissolve the ES, removing the As and recovering its
Cu content. The ES dissolution process was optimised (dissolution efficiency > 99%) in H,SO4 (1.4 M)/HNO3
(1.8 M) medium using a 1:20 g mL " solid-to-liquid ratio. As was removed from the ES solution by its precip-
itation as iron (III) arsenate, with high efficiency (more than 70%). After As removal, the Cu can be precipitated
as copper sulphate, which is used in several applications.

Arsenic removal
Copper-arsenic solution

1. Introduction

The demand for copper (Cu) minerals has increased quickly over the
last 50 years, and it is expected to keep growing due to the essential role
of Cuin modern technologies. Worldwide refined Cu production reached
24 Mt in 2019, and it involves a large amount of waste and wastewater
generation (ICSG, 2020). In recent decades, the manufacturing industry
has tried to develop policies to reduce the environmental impact and to
achieve sustained economic growth, following the current strategic lines
aimed at ensuring the implementation and development of the "Circular
Economy" through the efficient use of raw materials and residues.
Therefore, policies on waste management must be directed apply the
hierarchy established by normative: prevention, reduction, reuse, and
recycle. A proper waste valorisation represents an excellent manage-
ment alternative producing economic and environmental benefits. For
this, industries have introduced effective resource management con-
sisting of recycling, reusing, and valorisation of these ones, reducing the
production cost and decreasing risks for the environment and human
health (Khan et al, 2020, 2021, 2020; Liao et al., 2019).

* Corresponding author.
E-mail address: manuel.gazquez@dfa.uhu.es (M.J. Gazquez).

https: //doi.org/10.1016/j.chemosphere.2021.130651

Atlantic Copper S.L.U, located in Huelva (Spain), is one of the biggest
manufacturers of ultrapure Cu cathodes (>99.99% Cu) in Europe, pro-
ducing more than 3-10° t y ! (Atlantic Copper, 2017). During Cu
electrorefining, the concentrations of the raw material impurities, such
as As, Sb, Bi, Ni, etc., gradually increase in the electrolyte, which
negatively affects the quality of the Cu cathode; therefore, the impurities
must be removed. For this, a fraction of the electrolyte is continuously
sent to an electrolyte cleaning plant (ECP) to reduce the level of impu-
rities, especially As, and to recover a significant fraction of the Cu that is
not electrodeposited in the cathode (“decopperising™).

The electrolyte cleaning process involves three stages by electro-
winning in liberator cells (Artzer et al., 2018; Wesstrom and Araujo,
2012). Firstly, the Cu concentration is reduced from 45 gL ' to25 gL !,
providing a B-grade Cu cathode (>99.97% Cu), which is commercial-
ised. Secondly, the Cu concentration is further reduced to around 10 g
L. Finally, in the third step, the remaining Cu, and most of the As, is
removed from the solution in the electrolyte sludge (ES). In the Huelva
factory, about 1300 t of ES are produced annually. The final treated
electrolyte is returned to the electrolyte tank for reuse.

Received 10 December 2020; Received in revised form 7 April 2021; Accepted 21 April 2021

Available online 4 May 2021
0045-6535/© 2021 Elsevier Ltd. All rights reserved.
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ARTICLEINFO ABSTRACT

Keywonrds: Electrolytic sludge is generated in the last stage of the electrolyte decontamination treatment plant in the
Electrolytic sludge manufacture of cathodic copper (> 99.99 % Cu). Currently, this sludge is recycled back to the process due to the
Ch.iuactenzanon high concentration of copper, although its recirculation involves a serious problem of arsenic accumulation in the
Valorization

industrial process. This negatively affects the quality of commercial copper. Therefore, the main focus of this
study was the recovery of copper contained in the electrolyte sludge as copper (II) sulfate pentahydrate
(CuS04+5H,0) for its return to the industrial process and/or commercialization. The remaining waste, which
contains mainly As and other toxic chemical species, were eliminated in a controlled repository. To this end, an
exhaustive characterization of the electrolytic sludge was performed to determine its chemical composition,
mineral phases, and particle size. The main results indicated that the sludge was composed of very fine particles
(~ 99 % < 100 pm), containing mostly Cu (~ 54 %) (CusAs, Cu0, Cu and CuSO4+xH>0), As (~ 10 % as Cu3zAs)
and S (~ 7 % as CuSO4+xH>0). More than 90 % of the Cu contained in the sludge was recovered as very pure
copper sulfate (> 99.5 %) by an evaporative crystallization process. In addition, around 70 % of the As was
removed in the process as a solid (> 99 % in AsO3). The rest of pollutants remained in the final solution, which
ultimately will be treated in the liquid effluent treatment plant. Therefore, valorization of the electrolytic sludge
was achieved by copper recovery as CuSO4+5H>0 using evaporative crystallization; this process was an effective
way for both recovering Cu and removing the As contained in the electrolytic sludge generated in the electrolyte
treatment plant.

Copper recovery
Copper sulfate
Crystallization

1. Introduction

The growth of global copper demand has increased quickly over the
last 50 years, and the same trend is expected for the future. Copper is
employed in a wide range of applications, mainly due to its unique
electricity conducting properties, which makes it difficult to replace. It
will be erucial for future society, given the expected increase of copper-
intensive low-carbon energy and electrification of transport technolo-
gies. World refined copper production reached about 23.5 million
tonnes in 2017 (ICSC: International Copper Study Group, 2018). This is
associated with a large amount of solid waste and wastewater genera-
tion. The decrease in the ore grades also intensifies energy use. Thus,
copper production has a huge environmental impact (Csavina et al.,
2014; Dong et al., 2020a; Pérez-Moreno et al., 2018). In the last decades,
the industry has tried to achieve a circular economy by recycling,
reusing, and valorizing wastes, reducing disposal costs and avoiding
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risks for the environment and human health (EEA: European Environ-
ment Agency, 2017; European Commission, 2015; Liao et al., 2019).

Atlantic Copper SLU, one of the biggest manufacturers of cathodic
copper in Europe, is located in Huelva (Spain). This company reduces its
waste as much as possible. This company produces around 2.9+10° t/y of
ultrapure copper (> 99.99 % Cu), and they manage several co-products,
intermediate materials, and wastes.

A copper concentrate (~ 30 % Cu) is used as the raw material. This is
first smelted in a Flash Smelting Furnace (FSF) to be converted into
matte (64 % Cu). It is then oxidized in the Converter Furnaces (CF) to
obtain blister copper (> 99 % Cu). The slag from these furnaces is
treated in an Electric Furnace (EF), giving a very inert slag that is mainly
composed of iron silicates (< 1% Cu), which is used in many civil en-
gineering applications (road bases, concrete, etc.). Finally, the blister
copper is introduced into the Refining Furnaces (RF), obtaining copper
anodes (99.6 % Cu, 3.3-105 t/y), which are converted to commercial
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